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ITEM  3  -  COMPRESSOR  DEVELOPMENT 


OBJECTIVE 

The  objective  of  the  Phase  II-B  program  for 
this  item  of  the  contract  was  the  continued 
development  testing  of  the  compressor  direc¬ 
ted  toward  the  verification  of  compressor  per¬ 
formance.  The  goals  of  this  program  included 
the  design  and  development  testing  of  a  two- 
stage  fan  which  is  aerodynamically  similar  to 
that  of  the  STF219  engine  and  the  further  improve¬ 
ment  of  the  performance  of  the  five-stage  com¬ 
pressor  which  was  tested  during  the  Phase  II-A 
contract  period.  Also,  tests  v-ere  scheduled  to 
investigate  the  aeroelastic  behavior  of  fan  blades 
in  a  series  of  controlled  single-stage  tests  using 
the  TS4  rotor  blade  configuration  as  the  basic 
test  rig. 


A.  INTRODUCTION 

During  Phase  II-B  of  the  SST  program,  a  completely  new  two- stage 
fan  rig  was  designed  and  fabricated.  This  is  an  entirely  new  fan, 
not  an  adaptation  of  existing  aerodynamic  hardware,  and  its  aerodynamic 
design  is  the  same  ns  the  SST  engine.  Single-stage  fan  rig  tests  were 
conducted  in  an  existing  test  rig,  using  modifications  of  the  TS4  blade, 
to  investigate  the  flutter  phenomena  in  shrouded  rotor  blades.  Work 
on  the  multi-stage  compressor  involved  essentially  an  extension  and 
continuation  of  the  last  configuration  tested  during  the  Phase  II-A 
program. 


B.  DEVELOPMENT  PROGRAM 

1.  TWO-STAGE  FAN  RIG 
*» 

The  aerodynamic  design  of  the  two-stage  fan  rig  is  identical,  except  for 
size,  to  the  fan  required  for  the  STF219  engine.  The  rig  will  be  used 
to  evaluate  the  aerodynamic  performance  and  some  of  the  mechanical 
problems  associated  with  the  SST  engine. 
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Tlie  pcner.nl  design  criteria  used  in  the  design  ol  this  two- stage  fai 
are: 

Corrected  Airflow,  W  yj f > /  f  ,  lb /sec  250 

Flow  per  Unit  Area,  W/e,,  lb/.scc-lt^  >10 

Overall  Pressure;  Ratio  2,  0  3 

Tip  Speed,  U^,  ft/sec  1550 

Hub -to -Tip  Ratio  F  4  0 


a  mnre  detailed  list  of  the  desien-pa-ra-met^rs  is  show"  I  igurc  3.  i 
Since  this  fan  rig  will  be  used  to  evaluate  engine  problems,  it  is  neces¬ 
sarily  an  almost  exact  model  of  (lie  full-scale  engine  fan.  During  the 
design  procedures,  particular  attention  was  paid  to  all  details,  and 
the:  same  design  criteria  were  applied  as  would  have  been  done  for  any 
actual  engine  design.  Short  chord  blades  were  used  to  achieve  light 
weight.  This  necessitated  the  use  of  two  part-span  shrouds  in  each 
blade  row  to  reduce  flutter  problems.  A  detailed -discussion  of  the  fan 
-design-is-  given  in  the _.]3e.sign-Section-{Seclion "2)'-d'f  this  report. 


The  aerodynamic  design  of  this  fan  took  into  account  the  test  results  of 
a  number  of  transonic  fanrigs  which  were  previously-designed  and 
tested  utr Pratt  &  Whitney  Aircraft.  _  The  test  results -were  us'edAn 
correlating  various  design  parameters  such  as  airfoil  aerodynamic 
loadings  and  losses,  blade  inlet  Mach  numbers,  incidence  angles, 
loss  of  airfoil  turning,  etc.  Based  on  the  results  of  previous  rig 
testing,  the  fan  root  pressure  ratio  at  design  conditions  was  limited 
to  2,5:1  to  retain  reasonable  efficiency  levels,  Tlie  fan  was  designed 
for  a  bypass  ratio  of  1.3:1  at  the  design  point  with  a  flow  splitter  in 
close  proximity  to  the  trailing  edge  of  the  second-stage  blade.  No 
inlet  guide  vane  assembly  was  planned  for  this  fan  design.  The  design 
of  the  two -Stage  fan  rig  is  illustrated  by  Figure  3-2. 


At  tlie  end  of  June,  rig  parts  had  been  received  and  were  being  assembled 
and  instrumented  prior  to  test.  This  delay  in  the  test  program  was  caused 
by  fabrication  bottlenecks  encountered  early  in  the  rig  procurement  period. 
Testing  will  be  conducted  during  early  July. 
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2.  AEROELASTIC 1TY  INVESTIGATIONS  _ _ _ 

During  Phase  II-B,  it  was  planned  to  use  a  single-stage  fan  rig  for 
the  investigation  of  aer oelasticity  phenomena  and  flutter  problems. 

Two  single-stage  fan  designs,  based  on  the  TS4  blade,  were  tested 
during  the  current  phase.  In  addition,  rotating  tests  were  conducted 
on  small-scale  rubber  models  to  substantiate  theories  of  fan  blade 
flutter. 

During  Phase  II- A,  a  single-  stage  fan  rig  was  used  to  study  various 
possibilities  for  stress  reduction  in  the  fan  blades.  One  of  the  fan 
configurations  which  was  tested  at  that  time  incorporated  mid-span 
shroud  segments  that  were  welded  together  at  alternate  blade  gaps,  as 
shown  in  Figure  3-3,to  reduce  the  possibility  of  a  disk-blade-shroud 
coupled  vibration  mode.  After  a  preliminary  survey  of  blade  stresses 
at  part  speed  and  operation  for  about  one  hour  at  design  speed,  a  change 
was  observed  in  the  stress  pattern,  and  the  rig  was  shut  down  for  in¬ 
spection.  Cracks  were  found  in  two  of  the  welded  shroudB.  However, 
the  blades  showed  no  tendency  toward  flutter. 

Based  v.n  the  results  of  this  preliminary  test,  it  was  decided  to  evaluate 
a  more  car. -fully  constructed  fan  stage  utilizing  the  so-called  paired- 
welded  shroud  configuration.  During  Phase  II-B,  work  was  begun  on 
modification  of  the  single-stage  fan  rotor  incorporating  TS4  blades 
having  a  root  thickness-to-chord  ratio  of  seven  percent  and  paired- 
welded  shrouds. 

In  order  to  provide  a  baseline  for  comparison,  another  single-stage  fan 
rotor  was  assembled  incorporating  TS4  blades  having  a  conventional 
shroud  configuration  and  a  root  thickness-to-chord  ratio  of  nine  percent. 
When  this  rotor  was  tested,  a  premature  failure  occurred  in  the  region 
of  the  blade  shroud.  Cause  of  the  failure  was  determined  to  be  a  manu¬ 
facturing  error  and  unrelated  to  flutter.  The  limited  test  results  before 
failure,  however,  showed  no  specific  tendency  of  the  nine-percent  root 
thickness  blades  to  flutter. 

In  further  support  of  the  aeroela sticity  investigations,  small-scale  rubber 
models  of  a  typical  shrouded  compressor  rotor  were  built  and  evaluated 
in  rotating  vibratory  tests.  It  was  found  that  the  disk  and  shroud  modes 
are  characterized  by  modes  along  diametral  lines.  Figure  3-4  shows 
this  type  of  vibration  in  a  rubber  model  operating  in  severe  resonance. 
These  tests  were  conducted  to  gain  a  more  complete  understanding  of 
this  complex  vibration. 
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The  results  of  the  tests  on  rubber  models  and  associated  mathematical 
analysis  have  strengthened  the  theory  that  the  flutter  condition  is  the 
result  of  an  interaction  between  the  aerodynamic  system  (aerodynamic 
forces  on  the  blade)  and  the  elastic  system  (inertial  and  elastic  forces 
in  the  disk,  blade  and  shroud).  Under  flutter  conditions,  the  interaction 
between  the  air  and  the  structure  is  such  that  the  air  supplies  oscillatory 
energy  to  the  blade  during  each  cycle  of  motion  of  the  elastic  system. 
Consequently,  a  small  air  disturbance  quickly  produces  a  blade  vibration 
of  large  amplitude. 

In  order  to  amelioriate  this  situation,  itvvaus  necessary  to  modify  the 
elastic  system  in  such  a  way  as  to  alter  the  fundamental  mode  shape 
and  reduce  the  torsional  amplitude  in  relation  to  the  bending  amplitude 
at  the  blade  tip.  This  was  accomplished  by  cutting  back  alternate  shroud 
contact  surfaces  to  preclude  contact  during  operation  and  welding  the 
remaining  shroud  contact  surfaces  together.  In  this  way,  the  shroud 
continuity  was  destroyed,  thus  preventing  the  "snaking  motion"  which 
induces  the  coupled  flutter  through  the  shroud,  while  the  welds  provide 
sufficient  torsional  stiffness  to  prevent  torsional  flutter. 

Figure  3-5  shows  the  reduced  "snaking  motion"  of  a  rubber  model  in¬ 
corporating  this  segmented  shroud,  A  close-up  of  a  full-scale  rotor 
incorporating  the  segmented  or  paired-welded  shroud  concept  is  shown 
in  Figure  3-6. 

Substantiation  of  the  flutter-free  potential  of  the  paired-welded  shroud 
concept  was  provided  by  the  test  of  a  full-scale  rotor.  This  fan  stage 
utilized  TS4  blades  having  a  root  thickness-to-chord  ratio  of  seven 
percent  and  a  paired-welded  shroud.  This  rotor  was  operated  for 
approximately  5  hours  at  speeds  up  to  the  design  value  with  no  indication 
of  coupled  flutter  in  the  blades  and  with  stresses  less  than  ±  5,000  psi 
at  the  leading  edge  of  the  blade  root  over  the  entire  operating  range. 

The  original  blade  configuration  for  this  stage  encountered  coupled 
flutter  just  above  the  design  point  at  100%  speed  with  stresses  in  excess 
of  ±15,  000  psi  at  the  root  leading  edge. 
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3.  MULTISTAGE  COMPRESSOR 

Development  testing  of  the  five- stage  variable-geometry  compressor 
during  Phase  II-B  of  the  contract  was  a  continuation  and  extension  of 
the  work  that  was  done  during  Phase  II-A.  Three  configurations  of 
the  five-stage  rig  were  built  and  tested  during  Phase  1I-A.  Build  three, 
the  last  configuration  tested  during  Phase  II-A,  achieved  an  airflow 
capacity  that  was  99.7  percent  of  the  desired  flow  and  a  design-point 
surge  margin  of  5.8  percent. 

Build  four  of  the  five- stage  rig,  initiated  at  the  beginning  of  Phase 
II-B,  incorporated  modifications  that  were  directed  toward  an  increase 
in  work  level  and  efficiency,  while  continuing  the  high  solidity  configura¬ 
tion.  Compared  to  build  three,  the  trailing  edges  of  the  first- stage  rotor 
blades  were  overcambered  ten  degrees  at  the  root  and  five  degrees  at 
the  tip,  and  the  trailing  edges  of  the  fifth- stage  rotor  blades  were  over¬ 
cambered  seven  degrees  across  the  full  span. 

Testing  of  build  four  was  terminated  after  29  hours  of  operation  when 
a  rapid  increase  in  linear  vibration  and  stress  level  was  observed 
during  a  slow  acceleration  to  105  percent  of  design  speed.  Subsequent 
disassembly  and  inspection  revealed  a  failure  of  the  rear  seal  retaining 
ring  resulting  in  minor  damage  to  the  fifth- stage  blades. 

Analysis  of  the  test  data  verified  that  build  four  successfully  demon¬ 
strated  an  increase  in  high-speed  surge  pressure  ratio.  Figure  3-7 
compares  the  performance  of  build  four  with  that  of  build  three  from 
the  previous  Phase  II-A.  At  the  design  speed  of  7580  rpm,  the  surge 
pressure  ratio  for  build  four  was  4.  62:1  compared  to  4.  52:1  for  build 
three.  The  design  point  efficiency  for  build  four  decreased  from  lhat 
of  build  three,  but  at  least,  two  percent  of  this  reduction  is  attributed 
to  the  additional  instrumentation  in  the  flow  path  of  the  build  four  con¬ 
figuration.  The  test  was  terminated  before  the  variable- stator- vane 
schedule  had  been  optimized;  as  a  result,  the  ultimate  performance 
potential  of  build  four  was  not  fully  evaluated. 

Internal  instrumentation  in  build  four  of  the  compressor  rig  included 
leading  edge  total  temperature  and  total  pressure  probes  on  all  stators 
at  seven  radial  locations,  and  outer-wall  static  pressure  taps  at  the 
leading  and  trailing  edges  of  all  stators.  Test  data  from  this  instru¬ 
mentation  were  recorded  at  all  performance  points. 
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Analysis  of  the  interr’age  data  showed  that  the  work  level  •  1  both  the 
first  and  fifth  stages  was  increased  as  planned.  The  effect  of  over- 
cambering  the  l’irst-stage  rotor  blades  was  greater  than  expected  re¬ 
sulting  in  a  stalled  incidence  in  the  first- stage  stator  and  second  stage 
rotor.  This  condition,  in  turn,  caused  increased  choking  and  r.  dm.  ed 
efficiency  in  the  third  and  fourth  stages.  The  tilth  stage  responded  as 
expected  to  the  changes  that  were  made;  the  test  data  showed  inc  reuses 
in  both  work  level  and  efficiency.  Spanwise  data  disclosed  a  local 
choking  condition  at  the  root  of  the  first-stage  rotor  resulting  i  a 
pressure-rise  defect  at.  the  root  which  carried  through  all  stages?. 


In  order  to  alleviate  the  deficiencies  of  build  four,  the  following  modifica¬ 
tions  were  made. 


■»  The  trailing  edges  of  the  inlet  guide  vanes  were  uncambered  ten 
degrees  at  the  root  to  zero  degrees,  at -the  -t-ip  to  relieve  the 
first-stage  rotor  root  choking.  _  _ _ 

•  The  trailing  edges  of  the  first-stage  rotor  blades  were  uncamberrd 
five  degrees  at  the  root,  three  and  one-half  degrees  at  the  mean 
radius,  and  two  degrees  at  the  tip  to  correct  the  first-stage  stator 
stallingdncidence.  . .  _  .  —  -  - 


f  « 


•  The  leading  edges  of  the  second-stage  rotor  blades  were  over- 
cambered  zero  degrees  at  the  root,  three  degrees  at  the  radius 
of  the  first- stage  rotor  shroud,  and  zero  degrees  at  the  tip  to 
match  the  spanwise  incidence  profile. 


»  The  letiding  edges  of  blades  in  stages  tree.  four,  and  five  won 
oven  amber cd  to  eliminate  choking  in  the  second-,  third-,  and 
fourth -stage  stators. 


After  reassembly,  the  compressor  incorporating  the  modifications 
described  above  was  designated  as  build  five. 


Testing  of  build  five  showed  that  its  performance  was  slightly  superior 
to  build  four  as  shown  in  Figure  3-8.  The  airflow  at  95  percent  of 
design  speed  was  increased  by  3  percent,  and  the  efficiency  increased 
approximately  l  percent.  At  1 00  percent,  of  design  speed  the  perform¬ 
ance  was  unchanged  Test  time  on  this  build  amounted  to  approximately 
15  hours. 
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An  analysis  ot  the  interstage  data  revealed  that  the  second  stage  was 
operating  in  the  stalled  condition  and  hence  at  the  low  efficiency  level. 
This  could  be  corrected  with  a  stagger  change  of  the  first  stage  stator. 
This  change  could  result  in  a  further  increase  in  performance, 

In  summary,  an  improvement  in  efficiency  and  airflow  was  accorr.  olished 
relative  to  the  previous  builds  of  this  compressor.  This  completes  the 
planned  test  program  of  this  five-stage  compressor  rig. 
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two-stage  fan  design  specifications 


FIRST -STAGE  ROTOR 

Pressure  Ratio 
Blade  Loading,  aP/Q 
Inlet  Relative  Mach  No. 
Gap- Chord  .Ratio 
Thickness -Chord  Ratio 
Tip  Speed,  ft/sec 

FIR  >T  -STAGE  STATOR 

Vane  Loading,  aP/Q 
Inlet  Mach  No, 

GaP-  Cl)  or d  Ratio _ 

Thickness -Chord  Ratio 

SECOND-STAGE  ROTOR 

Pressure  Ratio 
R 1  ad  e  Loadi ng ,  a  P  /  Q 
Inlet  Relative  Mach  No. 
Clap-Chord  Ratio 
Thickness- Chord  Ratio 

SECOND-STAGE  STATOR 
Vane  Loading,  aP/Q 

(  ri  1  a  A  /I  —  —  1 .  »,  t 

-IVAU^U  iNC)  , 

Gap- Chord  Ratio 
Thickness-  Chord  Ratio 

fan  EXIT  GVIDE  VANE 

Vane  Loading,  aP/Q 
Inlet  Mach  No. 

Gap- Chord  Ratio 
Thickness-Chord  Ratio 

OV ER ALL  PER FOR MANGE 

Pressure  Ratio 
Design  Efficiency,  % 


Figure  3-,; 
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DESIGN  LAYOUT  OF  TWO -STAGE  FAN  RIG 
Figure  3-2 
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DETAIL  OF  SINGLE-STAGE  FAN  ROTOR  ASSEMBLY  WITH  WELDED 
MID-SPAN  SHROUDS  (PHASE  II-A) 


Figure  3-3 
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ROBBER  MODE, L  Oi'  TYPICAL  SHROUDED  COMPRESSOR  ROTOR 
OPERATING  IN  SEVERE  RESONANCE 

Figure  3-4 


TEST  Oi  RUBBER  MODEL  OF  COMPRESSOR  ROTOR 
SEGMENTED  SHROUD 


INCOR  PORATING 


Figure  3-5 
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PERFORMANCE  COMPARISON  OF  THIRD  AND  FOURTH  BUILDS  OF 
THE  MULTISTAGE  COMPRESSOR 


Figure  3-7  w™**,u-p  ’J,/'** 
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PERFORMANCE  COMPARISON  OF  FOURTH  AND  FIFTH 
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ITEM  4  -  PRIMARY  COMBUSTION 


OBJECTIVE 

This  item  of  the  contract  required  that  Pratt  & 
Whitney  Aircraft  conduct  testing  of  engine  com¬ 
bustor  arid  combustor  components  directed  to¬ 
ward  verification  of  design  characteristics. 

The  specific  goals  of  the  combustor  are: 

1.  A  heat  release  rate  of  about  5x10^  Btu/hr/ft^/ 
atm. 


2.  A  maximum  pressure  drop  of  6%  at  sea  level 
static  conditions 


3.  A  burner  efficiency  of  98.5 % 


4.  Combustor  exit  temperature  profiles  with  a 
temperature  distribution  parameter  AT  max/ 

A T'Avg "not  exceeding  1. 11,  and  exit  tempera¬ 
ture  profiles  consistent  with  turbine  cooling 
requirements . 

A.  INTRODUCTION 

In  order  to  achieve  the  low  engine  weight  desired  for  economic  super¬ 
sonic  flight,  not  only  must  the  primary  burner  section  be  smaller,  and 
thus  lighter  than  the  burner  section  in  present  production  engines,  but 
also  it  must  provide  good  temperature  profiles  for  the  turbine  and  be 
satisfactory  in  other  respects  as  well.  Prior  to  receiot  of  the  contract, 
Pratt  8t  Whitney  Aircraft  conceived  a  combination  diffuser  and  burner 
which  was  unusually  short  and  also  held  promise  of  low  pressure  loss. 
In  this  concept,  air  is  ducted  from  the  diffuser  to  each  hole  in  the 
burner  and  it  is  turned  into  the  burner  by  an  efficient  elbow  or  by  turn¬ 
ing  vanes.  Since  the  air  is  only  diffused  to  the  burner  hole  velocity, 
instead  of  to  a  much  lower  velocity,  much  of  the  required  diffuser 
length  is  eliminated,  and  s'", me  of  the  diffuser  loss  is  also  avoided. 

This  concept,  referred  to  as  rail  induction  because  the  velocity  bead 
of  the  air  carries  if  into  the  burner,  ap,  red  to  provide  an  excellent 
solution  to  the  problem  of  shortening  the  burner  section  while  main¬ 
taining  or  improving  all  other  characteristics ,  Consequently,  the 
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primary  burner  effort  under  this  contract  has  been  directed  towards 
investigating  and  developing  this  concept  for  application  to  the  SST 
engine.  Tests  were  also  conducted  on  numerous  other  burner  configu¬ 
rations  to  investigate  combustor  characteristics.  These  tests  were 
conducted  using  a  two-dimensional  segmented  annular  burner  rig  and 
a  full-annular  burner  rig.  The  testing  conducted  under  this  contrac  t 
has  led  to  the  conclusions  presented  in  the  following  paragraphs. 

As  with  the  tests  during  Phase  II- A,  those  changes  which  had  to  do  with 
front-end  fuel-air  amount,  mixing  location,  etc.  ,  had  the  greatest 
effect  on  burner  performance.  Their  overall  effect  has  been,  to  re¬ 
inforce  the  knowledge  that  the  annular  burner  is  "front-end"  sensitive 
and  that  this  is  the  area  where  the  emphasis  of  any  subsequent  work 
should  be  directed. 

The  ignition  capabilities  of  the  present  liquid-injection  burner  are 
very  good  and  should  not  present  problems  in  subsequent  engine  test¬ 
ing.  In  addition,  the  operating  range  of  the  annular  burner  is  so  wide 
.as_t-d..P-i,-e.sent_no-problems-in-atry—sea-ieveT'enigine_fesTs  that  might  be 
considered  at  the  present  time. 

No  great  changes  in  ATVR  were  obtained  from  the  full-annular  rig  even 
even  with  extreme  changes  in  the  radial  inlet  pressure  profile.  This 
is,  or  course,  dependent  on  the  hole  pattern  so  that  this  insensitivity 
will  have  to  be  demonstrated  for  any  burners  developed  in  the  future. 

Changes  in  burner  length  have  not  shown  corresponding  changes  in 
burner  performance  or  temperature  distribution.  This  may  be  due  to 
the  non-optimized  hole  pattern  used  in  the  "long"  coniiguration. 

A  low  overall  pressure  loss  of  6.  3  percent  at.  .  288  WA  s/T / APt  at  the 
diffuser  inlet  has  been  achieved  without  sacrificing  other  burner  per- 
formanc e  c ha ra r te r i s ti c s . 

The  follow- on  statistical  program  produced  two  principal  conclusions: 

(I)  increasing  the  front-end  airflow  (above  tiiose  limits  attained  in  Phase 
II  A)  decreases  ATVR  and  (2)  the  first  row  O.  D.  holes  should  be  in 
line  with  the  fuel  nozzle. 

The  hot-cone  burner  has  continued  to  show  promise.  Removal  of  <he 
fuel-air  reduction  lip  decreased  ATVR  substantially. 
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The  partial- annular  configuration  has  demonstrated  that  producing  a 
discrete  primary  combustion  zone  around  each  nozzle,  this  burner 
attains  a  very  low  ATVR, 

As  stated  previously,  the  goals  appear  reasonable.  Comparison  of  the 
attained  performance  with  the  goals  shows  that  the.  burner  ATVR  goal 
has  not  yet  been  attained.  It  was  expected  that  this  would  require  ex¬ 
tensive  work  and,  with  the  gains  made  thus  far,  appears  certain  to  be 
realized. 


B.  DESCRIPTION  OF  BURNER  SECTION 

The  burner  section  has  remained  essentially  the  same  as  it  was  during 
Phase  II  A.  Physically,  the  main  burner  section  encompasses  the  area 
from  the  compressor  exit  to  the  turbine  inlet  and  includes  the  diffusing^ 
section  and  burner  liner.  Figure  4-1  is  a  sketch-oT  the'buiTTeF  section. 
-The  conibustibiTchamber  (burner)  and  diffuser  overlap  axially  with  the 
front  end  of  the  burner  forming  the  inner  walls  of  the  diffusing  pass¬ 
ages.  This  provides  a  minimum  overall  length  for  the  burner  section, 

The  diffuser  section  is  split  into  three  airflow  passages,  the  outer  and 
inner  annuli  which  diffuse  the  main  airflow  into  the  shroud  passages, 
and  the  center  section  which  provides  air  to  the  swirlers.  Once  diffu¬ 
sion  is  accomplished  in  the  inner  and  outer  annuli,  the  air  flows  from 
the  respective  shrouds  into  the  liner  with  an  axial  airflow  distribution 
determined  by  the  hole  pattern. 


C.  DESCRIPTION  OF  RIGS 

1 .  TWO-DIMENSIONAL  ANNULAR  SEGMENTAL  RIG 

One  of  the  principal  rigs  used  for  annular  burner  evaluation  was  the 
two-dimensional  burner  rig.  This  is  the  same  rig  used  during  Phase 
IIA  and,  as  the  name  implies,  is  two-dimensional  as  opposed  to  the 
annular  segment  design  of  previous  segmental  burner  rigs.  Figure 
4-2  indicates  how  the  removable  top  and  bottom  covers  allow  for  easy 
access  to  the  burner  liner.  In  addition  to  being  able  to  space  the  rig 
covers  inward  or  outward  for  varying  shroud  areas,  the  diffuser  walls 
are  removable.  The  extreme  flexibility  of  this  rig  allowed  the  screen¬ 
ing  of  many  new  and  different  annular  burner  configurations  with  a 
minimum  of  effort. 
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A  sketch  of  the  test  setup  may  be  seen  in  Figure  4-3,  A  heat  exchanger 
presents  hot  un vitiated  air  to  the  burner  section  and  inlet  pressure  and 
temperature  instrumentation  is  used  to  determine  the  Mach  number  of 
the  approach  air,  A  temperature-pressure  rake  at  the  rectangular 
burner  exit  is  used  to  determine  burner  exit  conditions. 


2.  LARGE-SCALE  FULL-ANNULAR  BURNER  RIG 

The  large-scale  full-annular  burner  rig  incorporates  appropriate 
engine  hardware.  Figures  4-4,  4-5,  and  4-6  show  the  rig  in  various 
stages  of  assembly.  Removable  spacer  sections  allow  for  burners  of 
various  lengths  to  be  tested.  This  is  the  same  rig  that  svas  used  in 
Phase  II  A. 

Figure  4-7  is  a  schematic  of  the  rig.  The  rotating  temperature  pres¬ 
sure  rake  makes  for  easy  determination  of  burner  exit  conditions., _ In.- - 

strumenta  tipD  ,is_similar  to~that-of' tire' two-dimensional  segmental  rig, 
and  determination  of  pressure  loss,  burner  efficiency,  and  burner 
ATVR  are  made  in  the  same  manner. 


3.  RAM  INDUCTION  PRIMARY  BURNER  RIGS 

Two  combustion  test  rigs  have  been  used  in  this  investigation. 

The  first  test  rig  is  a  straightened  12"  segment  of  an  annular  burner. 
The  burner  segment  is  approximately  24  inches  wide,  and  uses  a  length 
of  approximately  29  inches  to  perform  the  diffusion  and  burning  ac¬ 
complished  in  approximately  52  inches  with  conventional  diffuser  and 
burner  can  designs.  Figure  4-8  shows  a  typical  burner  liner  for  this 
rig. 

The  second  test  rig  is  a  burner  development  rig  for  the  STF219  engine. 
It  is  a  curved,  120°  sector  and  incorporates  engine  flow  geometry 
from  compressor  discharge  to  turbitv  ir’et.  The  rig  design  is  based 
on  the  600  lb/second  size  engine  des 

The  two  rigs  are  similar  as  regards  stand  installation,  instrumenta¬ 
tion  and  method  of  test.  A  description  of  associated  hardware  for  the 
72“  straight  sector  rig  is  presented  herein  as  representative  of  the 
two  rigs.  Tiie  72°  straight  sector  test  rig,  shown  in  Figure  4-9 
consists  of  the  following  components:  air  inlet  section,  venturi, 
heater  burner,  transition  section,  instrumentation  section,  and  main 
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burner  support  section.  The  rig  air  is  supplied  by  bleeding  air  from 
the  compressor  of  a  turbojet  slave  engine. 


D.  TEST  DESCRIPTION  AND  RESULTS 

1.  TWO-DIMENSIONAL  ANNULAR  SEGMENTAL  BURNER  RIG 
TESTING 

a.  Statistical  Test  Program  Follow-on 

During  Phase  II  A,  in  an  attempt  to  optimize  the  burner  as  quickly  as 
possible  and  at  the  same  time  to  determine  some  firm  design  informa¬ 
tion,  a  statistically-designed  program  was  run.  The  basic  parameters 
investigated  were: 

pressure  loss 

hole  area,  distribution  .. _ _ _ _ 

_ _ _ number- of  holes  per  row' in  each  of  5  rows 

axial  location  of  each  of  5  lows. 

The  results  of  this  program  were  reported  in  the  Phase  IT  A  final 
report.'  In  order  to  build  upon  this  initial  knowledge  and  further 
optimise  the  burner,  a  study  was  made  of  the  effects  of  combustion, 
hole  stagger  relative  to  the  fuel  nozzles.  The  effects  of  hole  area 
distribution  and  number  of  holes  per  row  were  also  studied,  A  totai 
of  215  hours  of  testing  were  conducted  on  this  rig  during  Phase  II  B. 

Results  of  this  program  led  to  these  conclusions. 

L  The  first  row  O,  D.  holes  showed  a  significant  preference  to  be 
lined  up  with  the  fuel  nozzles , 

2.  The  data  indicated  that  the  lowest  value  of  ATVR  has  the  first  row 
of  holes  in  line  with  the  fuel  nozzles  and  the  second  row  of  holes 
out  of  line . 

3.  There  was  no  significant  difference  between  six  and  nine  holes  in 
the  first  row, 

b.  Lighting  Tests 

Initial  lighting  tests  on  JP--4R  and  JP-5  fuel  were  done  on  the  2-D  an¬ 
nular  burner  rig.  The  burner  used  in  the  2-D  rig  was  the  same  as  that 
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used  in  the  full -annular  tests.  It  also  had  3  O.  D.  ribs  and  1/2  blocked 
co-rotating  swirlers.  However,  the  cooling  was  less  than  that  used  in 
the  full-annular  burner.  The  fuel  nozzles  and  igniter  were  the  same 
ty  e  as  would  be  used  in  the  engine  and  in  the  full -annular  rig.  The 
igniter  was  immersed  .  34  inches. 


Starting  tests  on  the  2-D  burner  rig  were  conducted  in  much  the  same 
manner  as  those  on  the  full-annular  rig.  The  same  type  of  instrumen¬ 
tation  was  used  on  the  2-D  rig  to  record  "fuel  on"  to  full  light  times. 


Test  conditions  were  as  follows; 


Inlet  Air  Temperature: 
Inlet.  Total  Pressure: 
Burner  Inlet  Mn: 


ambient  and  100-150°F 
17  psia 
.  14,  .  20,  .  29 


Figure  4-10  shows  the  minimum  fuel- air  ratio  required  to  light  this 
burner.  As  with  the- full- annular  rig  re  suits, _lighting_fcimes.  have -been — 
-includedv~'Because 7JfT:he~unrealisticaUy  long  time  required  for  the  2-D 
fuel  manifold  to  fill,  a  20- second  light  line  has  been  drawn  on  Figure 
4-10  in  addition  to  the  10  second  light  line.  The  20  second  line  com¬ 
pares  quite  favorably  .to . the  10  second- light-line  for  the  fuli-annuia  r  rig, 
In  addition  to  JP-5  fuel,  tests,  were  also -run-  with -JP--4-.  The  results 
of  the  JP-4  tests  are  also  shown  oti  Figure  4-10 


c.  Partial  Annular  Burner 


A  schematic  of  this  burner  may  be  seen  in  Figure  4-1]  and  photographs 
are  presented  in  Figure  4-12,  The  major  feature  of. this  configuration 
is  the  extreme  depth  of  the  swirl  cups  which  allows  for  good  mixing  and 
flame  stabilisation  in  the  primary  combustion  zone.  Air  is  introduced 
much  closer  to  the  center  of  the  burner  at  fuel  nozzle  tangencies  than 
with  the  standard  liquid  injection  annular  configuration.  At  the  667'’  F 
inlet  (a  realistic  SST  point)  the  A TVR  at  1440°  AT  was  1.25. 


d.  Hot-cone  Burner 

Another  version  of  the  2-D  SST  burner  incorporates  a  hot-cone  feature 
in  the  front-end  to  pre-mix  and  partially  vaporize  the  fuel  prior  to  in¬ 
jection.  into  the  combustion  chamber.  Figure  4-13  shows  a  cross- 
section  of  this  burner.  About  10  percent  of  the  engine  airflow  is  ad¬ 
mitted  to  the  hot-cone  section  through  holes  in  the  blunt:  leading  edge 
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of  the  burner,  as  shown  by  (1)  of  Figure  4-13,  Half  of  this  air  is  ad¬ 
mitted  through  swirlers  (2)  to  the  vaporizing  passages  along  with  the 
fuel.  The  rich  mixture  (F/A^  0.4)  in  this  passage  allows  mixing  and 
vaporization  of  the  fuel  but  prevents  combustion  upstream  of  the  cone 
because  the  mixture  is  too  rich  to  burn.  This  partially  vaporized  fuel- 
air  mixture  is  then  injected  into  the  combustion  region  downstream  of 
the  cone  through  holes  (3).  The  remainder  of  the  air  token  in  through 
the  blunt  leading  edge  section  is  injected  into  the  recirculation  zone 
through  additional  holes  (4).  Ignition  is  provided  in  the  recirculation 
region  and  additional  combustion  and  dilution  air  is  injected  through 
holes  in  the  liner  walls  to  provide  the  desired  temperature  pattern  and 
to  provide  liner  cooling.  This  additional  air  represents  the  bulk  of  the 
engine  airflow  which  flows  through  the  inner  and  outer  diffusing  pass¬ 
ages  into  the  liner  shroud  areas. 


This  burner  was  discussed  in  some  detail  in  the  SST  Phase  II  A  final 
report.  Recent  tests  have  been  made  with  the  fuel/air  redirection  lip 
removed  entirely.  This  has  prqduced_.a_faixl.y.  good-reduction  -in  A-TVR  ■ 
■ from" tlre'previous  configurations  run.  Evidently,  with  the  fuel-air 
redirection  lip  removed,  the  slot-feed  air  was  allowed  to  also  mix 
with  the  fuel  before  introduction  into  the  burner  front-end.  The  addi¬ 
tion  of  this  air  apparently  produced  better  initial  combustion  conditions 
at  the  burner  front-end.  The  extreme  number  of  variables  present 
in  the  hot-cone  burner  have  made  this  a  slow  item  to  develop. 

2,  LARGE-SCALE  FULL-ANNULAR  BURNER  RIG  TESTING 
a.  Inlet  Profile  Effect 


A  test  series  was  run  on  the  full-annular  burner  rig  for  the  purpose  of 
evaluating  the  effect  of  inlet  pressure  profile  on  annular  burner  per¬ 
formance.  Results  of  the  tests  indicate  that  the  subject  burner  is 
fairly  insensitive  to  inlet  profile  and,  in  fact,  produces  a  lower  A  TVR 
with  an  I.  D.  peaked  profile.  A  total  of  131  hours  of  testing  were  con¬ 
ducted  on  this  rig  during  Phase  II  B, 


Figure  4-14  shows  the  location  of  various  trips  and  Figure  4-15  shows 
the  inlet  pressure  profile  attained  for  each  run. 

Figure  4-16  shows  the  effect  of  inlet  profile  on  the  minimum  and 
average  segmental  A  TVR's.  With  the  clean  inlet  as  a  baseline,  it  ap¬ 
pears  that  the  upstream  I.  D.  trip  hurt  the  A  TVR  slightly  while  the  I.  D. 
downstream  and  O.  D.  upstream  trips  both  seemed  to  lower  the  A  TVR  - 
especially  at  the  800  to  1100°FA  T  points. 
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There  are  many  possible  reasons  for  the  improvement  of  A  TVR  with  a 
profile  change.  One  basic  reason  may  be  the  flow  spreading  effect  of 
a  ramp  type  trip.  This  may  tend  to  distribute  the  airflow  more  evenly 
around  the  burner  and  offset  any  detrimental  effects  of  an  uneven  I.  D. 
to  O.  D.  split.  Another  possibility  is  that  with  increased  airflow  to  one 
side  or  the  other,  the  burner  pressure  loss  has  actually  been  increased 
sufficiently  to  produce  a  better  A  TVR. 

(1)  Burner  Exit  Temperature  Profile 

It  was  assumed  that  the  change  in  burner  inlet  pressure  profile  would 
drastically  affect,  the  burner  exit  temperature  profile.  Figure  4-17  is 
a  curve  of  the  selected  runs  -  each  with  a  different  inlet  profile  show¬ 
ing  the  effect  on  exit  temperature.  Obviously,  the  effect  of  tempera¬ 
ture  rise  on  profile  is  as  great  as  the  effect  of  inlet  profile.  In  order 
to  obtain  a  better  analysis  of  the  data.,  Figure  4-18  was  prepared. 

This  curve  shows  the  change  in  local  A  T  with  average  AT.  Surpris¬ 
ingly,  idae  I,  D.  downstream  trip  caused  a  heating  of  the  profile  tip.  It 
would  seem  logical  that  the  increased  O.  D.  flow  would  cool_ fathe_r_  Than. - 
heat  the  tip.-  On  closer  ■observafit>h',"'it-appears  that  the  midspan  was 
cooled,  indicating  better  penetration  of  the  air  which  would  tend  to 
heat  the  extremes  of  the  profile.  The  I.  D.  was  heated  by  the  I.  D.  trip, 
as  expected. 


The  O.  D.  trip  which  increased  airflow  to  the  I.  D.  (or  root)  caused  a 
heating  of  the  tip,  a  cooling  of  the  midspan  and  very  little  reaction  at 
the  root  of  the  exit  profile.  The  resultant  profile,  except  for  the  cold 
root  was  more  in  line  with  the  desired  profile  than  any  of  the  other 
runs. 


(2)  Burner  Pressure  Loss 


The  airflow  distortions  have  produced  an  apparent  increase  in  burner 
pressure  loss,  thereby  decreasing  A  TVR  through  the  resultant  in¬ 
crease  in  penetration  and  mixing. 


It.  should  be  noted  that  the  above  is  an  overall  pressure  loss  obtained 
using  the  average  diffuser  inlet  total  pressure.  Because  there  was 
almost  certainly  separated  flow  with  some  of  the  trips,  there  is  some 
question  as  to  the  true  inlet  total  pressure. 
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(3)  Conclusions 

The  following  conclusions  may  be  drawn  from  the  results  obtained  dur¬ 
ing  the  inlet  pressure  profile  studies. 

A  TVR  was  not  adversely  affected  by  a  profile  change. 

Burner  exit  temperature  profile  was  favorably  altered  with  the 
I.  D.  peaked  profile. 

The  burner  exit  isothermal  plot  was  trot  affected  by  the  changing 
inlet  pressure  profile. 

b.  Operating  Range 

A  test  program  was  conducted  in  order  to  determine  the  operating 
range  (lean  blowout  and  rich  blowout)  of  the  baste  burner _ 


(1)  Description  of  Hardware 

The  burner  used  in  the  full-annular  rig  had  half  blocked  sWirlers  (co¬ 
rotating),  3  O.  D,  ribs,  and  all  keyhole,  slots  welded  on  the  I,  D,  The 
-  hole -pattern  was 'the  same  as  developed  in  the  2-D  rig. 

Dual  orifice  fuel  nozzles  were  used.  The  igniters  (2)  were  Champion 
AA635-A  (20  joule)  and  were  immersed  about:  .  84  inches  into  the  burner 
(see  Figure  4-19). 

(2)  Test  Description  and  Results 

Operating  range  tests  were  run  on  the  full-annular  rig  in  order  to 
determine  the  lean  and  rich  limits  of  the  burner.  For  this  test,  various 
inlet  air  temperatures  and  liner  Mach  numbers  were  set,  the  burner 
lit,  and  the  fuel  flow  increased  until  a  rich  blowout  condition  occurred. 
For  the  lean  blowout  points,  the  fuel  flow  was  decreased  until  the 
flame  went  out. 

These  points  are  also  plotted  on  Figure  4-20,  It  should  be  noted  that 
no  rich  or  lean  blowout  points  were  encountered.  The  rich  limits 
recorded  were  stand  limits.  At  that  point  the  stand  exit  stack  became 
too  hot  and  precluded  further  testing.  At  no  time  was  there  any  indica¬ 
tion  of  roughness  or  instability  and  it  appears  certain  that  the  rich 
blowout  limit  was  by  no  means  even  approached. 
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The  low  limits  reported  were  also  due  to  stand  limits  because  the 
flowmeters  at  the  test  stand  do  not  go  to  a  aero  flow  condition.  Their 
physical  limit  set  the  lean  limit.  At  all  minimum  recorded  fuel  flows, 
the  burner  was  only  partially  lit.  That  is,  perhaps  only  1  or  2  fuel 
nozzle  segments  were  burning.  There  was  no  flame  visible,  yet,  when 
the  fuel  flow  was  increased  only  slightly,  the  flame  propagated  through 
the  entire  burner.  This  was  not  a  "glow  plug"  reaction  -  not  ignition 
due  to  hot  walls  or  a  hot  plug,  bur  due  to  a  flame  already  present  in  the 
burner.  Note  that  the  extinction  of  the  flame  on  even  half  of  the  fuel 
nozzles  is  not  considered  as  a  true  low  blowout  point.  As  long  as  the 
burner  is  able  to  repropagate  (without  igniter  aid)  with  fuel  flow  in¬ 
crease,  the  low  blowout  point  has  not  been  reached. 


c . 


Lighting  Tests 


A  test  series  was  run  on  the  full-annular  burner  rig  to  determine  the 
lighting  capability  JP- 5  fuel.  Hardware  \vas_the  s_amie„as.. described  - 
ib-0_V-e, - - - 

Instrumentation  was  set  up  to  record  elapsed  time  between  "fuel  on"  to 
full  light.  This  method  gives  a  slightly  pessimistic  indication  since 
there  is  some  finite  fuel  manifold  fill-up  time  required,  especially  at 
the  low  flow-low  pressure  conditions  that  were  run.  Thermocouples 
in  the  air  stream  at  the  burner  exit  gave  an  indication  of  burner  igni¬ 
tion  and  propagation. 


?-  i 


Figure  4-21  shows  the  minimum  fuel-air  ratio  required  to  light  the 
basic  burner.  Lighting  times  are  noted  next  to  the  data  point.  The  full 
light  line  has  been  drawn  through  the  10- second  light  points  and  is 
intended  only  as  a  guide.  The  no-light  points  indicated  were  aborted 
after  12  seconds  -  an  extremely  short  time.  It  appears  that:  the  mini¬ 
mum  lighting  line  may  be  extended  to  a  much  lower  level  without  too 
great  an  increase  of  lighting  time.  It  should  be  noted  that  this  is  light- 
mg  time,  fuel  on  to  full  light.  Propagation  time,  the  time  from  first 
light  to  full  light  was  virtually  instantaneous  at  all  lighting  points,  on 
the  order  of  0,  1  to  0.  2  seconds,  indicating  no  crossover  problem 
whatsoever. 


3.  RAM  INDUCTION  PRIMARY  BURNER  RIG 


The  test  results  for  this  program  are  categorized  by  burner  model 


num 


ber,  and  include  a  description  of  each  burner. 
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b.  Model  2 

(.1)  Description  of  Burner 

Five  modifications  of  the  Model  2  primary  burner  have  been  tested. 

This  configuration  simulates  a  straightened  72  degree  arc  of  an  annular 
primary  burner  and  incorporates  eight  fuel  nozzles.  The  burner  seg¬ 
ment  is  approximately  24-inclies  wide  and  28-inches  long.  The  burner 
forms  an  integral  part  of  the  diffuser  with  its  nose  lying  within  1,4 
inches  of  the  compressor  exit.  The  diffusing  and  burning  are  accom¬ 
plished  in  approximately  29  inches  as  compared  with  about  56  inches 
for  the  conventional  diffuser  and  burner  designs. 

The  Model  2-1  is  shown  in  Figure  4-22.  The  secondary  scoops  are  cut 
back  'o  2  inches  from  the  burner  centerline.  Turning  vanes  are  in¬ 
corporated  in  these  scoops.  The  airflow  distribution  is  as  follows  for 
all  of  the  Model  2  liners. 


Model 

[  2-1 

2-2,  2-3 

2-4,  2-6 

2-5 

2-7 

Nozzle  swirlers 

8% 

8% 

10% 

10% 

10% 

Primary  cooling  slots 

4% 

4% 

4% 

4% 

4% 

Primary  scoops 

Short 

7.  3% 

7.  3  % 

7.  3% 

6.  3% 

’ 

6.  3% 

Medium 

7 .  3% 

7.  3% 

7.  3% 

6.  3% 

6.  3% 

Long 

7.  3% 

7.  3% 

7.  3% 

6.  3% 

6.  3% 

Secondary  cooling  slot 

12% 

8% 

8% 

12% 

12% 

Dilution  scoops 

42% 

42% 

42% 

39% 

39% 

Rear  cooling  slot 

8% 

12% 

12% 

10% 

12% 

Bypass  cooling  slot 

4% 

4% 

2% 

6% 

4% 

The  Model  2-2  has  the  rear  scoops  cut  back  to  3  inches  from  the 
centerline  and  the  turning  vane  has  been  removed.  This  was  done  in 
order  to  reduce  the  penetration  of  the  dilution  air,  and  to  reduce  the 
pressure  loss.  High  temperatures  were  noticed  on  the  Model  2-1 
transition  ducts  behind  the  secondary  scoops.  Therefore,  the  transi¬ 
tion  cooling  strip  was  doubled,  and  the  gaps  between  the  secondary 
scoops  were  closed  by  welding  a  piece  of  sheet  metal  behind  the  scoops. 

Turning  vane  type  secondary  scoops  have  replaced  the  rear  scoops  in 
the  Model  2-3.  A  lower  pressure  loss  was  the  objective  of  this  modifi¬ 
cation.  The  airflow  distribution  is  the  same  as  in  the  Mode!  2-2. 
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The  Model  2-4  burner  is  the  result  of  adding  a  round  nose  dome  as¬ 
sembly  with  slots  across  the  nose  to  the  Model  2-2  in  order  to  make 
the  burner  ran  less  sensitive  to  the  inlet  provile. 

The  round  nose  dome  assembly  with  slots  was  put  on  the  Model  2-3 
resulting  in  the  Model  2-5.  Tile  primary  zone  has  been  made  narrower 
by  eliminating  the  dome  wiggle  strip  in  order  to  increase  the  cooling 
gaps  under  the  primary  scoops  and  outside  the  transition  duct. 

The  rear  most  primary  air  scoops  of  the  Model  2-4  were  cut  back  to  a 
length  about  one-half  way  between  the  short  and  middle  primary  scoops 
to  make  the  Model  2-6.  The  airflow  distribution  is  the  same  as  the 
Model  2-4. 

The  Model  2-7  incorporates  a  transition  duct  cooling  modification  to 
the  Model  2-5.  A  second  transition  cooling  gap  was  installed  by  de¬ 
creasing  the  present  gap,  and  by  decreasing  the  transition  bypass  flow 
gap. 

The -eight 'fuel 'nozzles  were  standard  JT-11  "Vado"  nozzles  for  the 
testing  of  Models  2-1,  2-2  and  part  of  2-3.  Delavan  fixed  area  nozzles 
were  used  for  the  remainder  of  the  testing. 

(2)  Method  of  Test 

A  variety  of  types  of  tests  have  been  used  in  the  investigation  and 
development  of  the  ram  induction  primary  burner.  These  have  in¬ 
cluded: 

Cold  airflow  tests  of  individual  scoops  of  different  designs  to  deter¬ 
mine  pressure  loss  and  discharge  airflow  pattern. 


Cold  airflow  testing  of  the  complete  diffuser-burner  combination. 
These  were  used  to  determine  whether  the  cold  pressure  loss  and 
general  airflow  characteristics  were  in  agreement  with  predictions, 
and  for  locating  the  source  of  aerodynamic  difficulties. 

Combustion  tests  were  conducted  in  which  the  complete  burner- 
diffuser  combination  was  operated  essentially  as  it  would  be  oper¬ 
ated  in  an  engine  so  that  the  overall  characteristics  of  the  system 
could  be  measured  and  recorded.  With  the  burner  exhausting  to 
the  atmosphere,  the  inlet  air  pressure  was  increased  until  the 
desired  diffuser  inlet  Mach  number  was  obtained.  Burner  fuel 
was  then  turned  on,  and  the  burner  was  ignited.  The  fuel-air 
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ratio  was  increased  to  the  desired  value,  and  the  rig  inlet  pressure 
was  readjusted,  if  necessary,  to  maintain  the  desired  inlet  Mach 
number.  At  this  condition,  the  exit  cross  section  was  traversed 
to  determine  the  temperature  pattern,  and  various  pressures 
were  measured. 


Configuration  changes  were  made  and  additional  tests  were  run  as 
necessary  to  improve  the  burner  characteristics,  and  in  particular, 
the  temperature  profile. 

( 3)  Test  Results 

The  testing  of  the  Models  2-1  and  2-2  showed  a  poor  outlet  temperature 
profile  which  was  traced  to  a  poor  inlet  profile.  The  inlet,  profile  was 
c:orrected_ during  the  testing  of  the  Model  2-3^  _ ' _  _ 

Two  curves  were  plotted  for  most  test  points  -  a  temperature  profile 
and  a  burner  outlet  temperature  distribution.  The  burner  outlet  tem¬ 
perature  distribution  gives  the  temperature  at- 3/4-inch  horizontal  in¬ 
crements  across  the  24-inch  width  of  the  outlet,-  and  at  .1 /-2-inch" 
vertical  increments  up  the  4~inch  height.  Only  the  center  9  inches  of 
the  outlet  has  been  used  for  determination  of  A  TVR  and  temperature 
profile  to  eliminate  side  wall  effects.  Isotherms  are  drawn  on  the  tem¬ 
perature  distribution  sheets.  The  temperature  profile  is  obtained  by 
averaging  the  temperature  values  in  each  row  across  the  outlet. 

Combustion  efficiency  is  based  on  the  complete  exit  traverse. 


The  Model  2-5  burner  was  tested  over  its  entire  operating  range  of 
inlet  Mach  numbers  and  temperatures,  and  gave  excellent  performance. 
The  burner  gave  an  extremely  good  exit  temperature  pattern  during  the 
heated  inlet  tests  corresponding  to  cruise  conditions.  The  A  \  V  R  for 
this  run  was  1. 07.  A  TVR  at  sea  level  take  off  conditions  was  approxi¬ 
mately  1.15. 


Three  tests  were  completed  on  the  Model  2-7  burner.  Figure  4-23 
and  4-24  sho"‘  flm  temperature  pattern  and  radial  temperature  profile 
for  a  test  made  at  simulated  SLTO  burner  inlet  conditions.  The  burner 
yielded  a  A  1  VR  value  of  1.  10  at  a  burner  temperature  r4  of  1867’F. 
l  temperature  rise  is  more  than  200  °.F  above  that  required  in  the 
SST  engine.  Figures  4-25  and  4-26  show  the  results  of  a  test  made  at 
simulated  cruise  burner  inlet  conditions.  Again,  the  burner  exhibited 
excellent  outlet  temperature  pattern  control  With  a  AT V Ti  value  of  1,  10. 
The  thiid  test  was  made  wit  n  an  inlet  ;tch  number  of  .4  5,  and  an  inlet 


CO^tsuenSWTIAt. 


PRATT  T.  WHITNEY  AIRCRAFT 


CQMFSOSSMTIAL. 


PWA-2600 


temperature  of  509  “If.  The  results  of  this  test  are  presented  in  Fig¬ 
ures  *-27  and  4-28,  Such  conditions  simulate  SLTO  conditions  in  an 
engine  with  considerably  higher  compressor  discharge  Mach  number. 
The  burner  yielded  a  X  TVR  of  1.08.  The  outlet  temperature  was 
limited  to  1954°F  by  fuel  nozzle  capacity.  The  burner  appears  to 
perform  equally  well  at  the  higher  value  of  inlet  Mach  number,  but 
must  suffer  the  higher  burner  pressure  loss  which  increases  approxi¬ 
mately  with  the  square  of  the  inlet  Mach  number. 

The  low  value  of  &•  TVR  which  was  obtained  during  this  series  of  tests 
is  worthy  of  note.  The  value  of  1,10  is  close  to  the  lowest,  or  ideal, 
if.  TVR  which  can  bo  obtained  when  the  exit:  radial  temperature  profile 
is  intentionally  cooled  below  the  average  temperature  at  the  I.  D.  and 
O  D,  for  turbine  vane,  and  shroud  considerations. 

Rater  testing  was  directed  at  determining  the  effects  of  compressor 
discharge  velocity  profile  distortion  on  the. outlet  temperature  profile 
qO-he-  burne-r-.-  It  appears  that  the  burner  is  very  insensitive  to  varia¬ 
tions  in  inlet  velocity  profile,  This  is  desirable  because  the  inlet 
velocity  profiles  vary  with  the  operating  conditions  of  an  engine.  Two 
of  the  compressor  discharge  profiles  investigated  are  shown  in  Figure 
4-29.  The  warped  profile  shown  in  Figure  4-29  has  the  flow. concentra¬ 
tion  farther  to  one  side  than  either  the  sea  level  takeoff  or  high  Mach 
number  cruise  profiles  of  a  high  Mach  number  engine,  which  are 
shown  in  Figure  4-29  for  comparison.  Figure  4-30  shows  the  outlet 
temperature  profiles  obtained  when  testing  with  the  two  inlet  profiles 
of  Figure  4-29.  The  two  temperature  profiles  are  essentially  iden¬ 
tical,  indicating  insensitivity  to  the  inlet  flow  profile. 


c.  Model  3 

The  Model  3  primary  ram  induction  burner  is  a  parallel  development 
effort  rather  than  an  evolution  from  the  Model  2  design.  The  objectives 
of  this  design  are  the  same  as  the  Model  2,  and  are  to  be  attained  in  a 
reduced  burner  length. 

(1)  Description  of  Burner 

Two  configurations  of  the  Model  3  primary  burner  have  been  tested, 
fhe  Model  3-1  has  a  length  of  only  21.4  inches  as  compared  with  a 
length  of  28.  i  inches  lor  the  Model  2  burner.  Both  the  primary  and 
secondary  scoops  are  of  the  turning  vane  type.  The  Model  3-1, 
shown  in  Figure  4-31, 
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Model 

3-1 

3-2 

Nozzle  Swirlers 

12% 

12% 

Primary  cooling  siot 

Primary  scoops 

4% 

4% 

Short 

11% 

1 1% 

■Long 

11% 

1  1% 

Secondary  cooling  slot 
Dilution  scoops 

10% 

8% 

Short 

20% 

20% 

Long 

20% 

20% 

Rear  cooling  slot 

6% 

8% 

Bypass  cooling  slot 

6% 

6% 

The  Model  3-2  is  a  lengthened  version  of  the  3-1.  The  cooling  gaps 
are  also  changed  so  that  the  gap  under  the  primary  scoop  is  decreased 
and  the  gap  under  the  secondary  scoops  is  increased  to  an  equal  di¬ 
mension.  The  airflow  distribution  of  the  Model  3-2,  shown  in  Figure 
4-32. 

{2.)  Method  of  Test 

The  method  of  test  for  the  Model  3  is  the  same  as  for  the  Model  2. 

(3)  Results 

The  Model  3-1  was  tested  at  only  one  point  (low  Mach  number,  low 
fuel-air  ratio).  The  test  showed  a  severely  center  peaked  outlet:  tem¬ 
perature  profile,  indicating  that  the  penetration  of  the  dilution  air  was 
insufficient  for  the  short  length  of  the  burner. 

Testing  of  the  burner  Model  3-2  showed  little  change  in  the  outlet 
temperature  profile,  the  profile  still  being  center  peaked. 

Mo  effort  was  made  to  improve  the  performance  of  the  short  Model  3-1, 
and  it  has  not  been  concluded  that  the  length  of  21  inches  is  unfeasible 
for  this  type  of  burner.  It  is  felt  that  relocation  of  the  dilution  scoops 
or  a  change  in  scoop  geometry  will  be  required  to  improve  air  penetra¬ 
tion  within  the  Model  3  burner,  thereby  flattening  the  temperature 
profile. 


d. 


Discussion  of  Results 


The  testing  discussed  in  the  previous  section  demonstrates  the  feasi¬ 
bility  of  ram  induction  main  burner  design  in  attaining  acceptable 
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burner  performance  in  substantially  reduced  length  as  compared  to 
conventional  Pratt  fk  Whitney  Aircraft  burners. 

Pressure  drops  ranging  from  4  to  10%  were  obtained  at  inlet  Mach 
numbers  ranging  from  0.  30  to  0.4-0.  Such  pressure  losses  being  ob¬ 
tained  with  relatively  high  scoop  entrance  velocity  gives  evidence  of 
the  effectiveness  of  the  ram  induction  scoops  in  utilizing  velocity  head 
to  drive  the  air  into  the  burner.  The  small  amount  of  diffusion  re¬ 
quired  with  this  system  can  be  incorporated  into  the  burner  shroud 
and  allows  a  very  short  combined  diffuser  and  burner  length. 

In  addition,  the  attainment  of  combustion  intensities  on  the  order  of 
6  x  1()6  BTU/hr/fM/atm  ha  ve  been  no  problem.  This  is  attributed  to 
the  strong  turning  of  the  air  into  the  burner  by  the  scoops  and  the  re¬ 
sultant  excellent  mixing.  Operation  at  high  combustion  intensity  also 
contributes  to  the  burner's  short  length. 

The  operating  range  of  the  baraer.  has-been-excel-lent;— The"d'e'5ifn'has" 
Tieen  operated  from  ,0005  to  .030  fuel-air  ratios. 

Combustion  efficiencies  ranging  from  98  to  100  percent  have  been  ob¬ 
tained.  The  attainment  of  consistently  high  combustion  efficiency  has 
not  been  a  major  objective  of  the  program.  The  primary  objective 
has  been  to  obtain  good  outlet  temperature  profile  control  in  the  short 
length  of  the  burner  system.  Temperature  profile  control  is  the  usual 
problem  of  high  intensity  or  extremely  short  burner  systems  but  ex¬ 
cellent  results  have  been  obtained  from  this  program. 

Durability  under  extended  running  with  high  inlet  temperature  has  not 
been  investigated.  However,  no  trouble  with  scoop  burning  has  been 
experienced. 

e.  Model  4 

The  model  4,  curved  120*  segment,  primary  ram  induction  burner 
was  specifically  designed  to  duplicate  the  geometry  and  compressor 
discharge  conditions  of  the  600  lb/ sec  STF  219  engine.  The  rig  is 
shown  mounted  on  the  test  stand  in  Figure  4-33. 

The  objective  of  this  program  is  to  integrate  the  burner  principles  of 
the  model  2-7  into  a  realistic  engine  configuration.  This  model  in¬ 
cludes  engine  type  struts  with  auxiliary  bleed  air  being  taken  off 
through  the  struts. 
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(  1)  Description  of  Burner  (see  Figure  4-34  and  4-35) 


The  burner  section  tested  is  a  120°  segment  of  a  full  annular  burner 
with  a  mean  burner  radius  of  .16.029  inches.  The  segment  being  tested 
is  based  on  an  engine  with  32  struts  and  32  fuel  nozzles  mounted  with 
the  struts.  The  diffuser  is  built  as  an  integral  part  of  the  rig  while 
the  burner  section  is  separate  and  easily  removable.  The  diffuser  is 
divided  into  three  separate  sections;  two  of  these  supply  air  to  the 
inner  and  outer  burner  liners  while  an  intermediate  diffuser  supplies 
swirler  air.  The  intermediate  diffuser  is  sized  to  accept  more  flow 
than  that  required  by  the  swirlers.  This  excess  air  is  reaccelerated 
around  the  burner  and  rejoins  the  air  from  the  outer  diffusers. 


(2)  Test  Results 

The  model  4  burner  has  been  tested  for  24.  5  hours  at  inlet  Mach  num¬ 
bers  of  0,  32  to  0,  38.  The  initial  tests  consisted  of  determining  the. _ 

.  _burixe.r__cold  pressure-loss  and'buruer'pefToTTharice  at  fuel/air  ratios 
of  0,01.  and  0.02  with  no  auxiliary  bleed  air  being  removed  from  the 
diffuser  section.  The  data  obtained  is  tabulated  below 


inlet  Mach  No, 

.  32 

.  32 

inlet  temp. 

335°F 

344  °F 

F /A  ratio 

.  Oil 

,  022 

exit  temp,  (avg) 

looser 

1765  0  F 

A  TVR 

1 , 48 

1.45 

A  P  /F 

12.  4% 

12.  0% 

A  test  was  conducted  with  the  design  bleed  airflow  (16.6%)  and  a 
fuel /air  ratio  of  ,021.  A  significantly  lower  burner  pressure  loss 
(7. 7%)  was  measured.  The  data  is  tabulated  below 


inlet  Mach  No. 
bleed  airflow 
inlet  temp. 

F/A  ratio 
exit  temp,  (avg) 
A  TVR 
A  P/P 


.  33 
16.  6% 
321  “F 
.  021 
1750  °F 
1.45 
7.7% 
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t-3)  Cone  lus  ions 


Since  this  120"  segment  rig 
make  any  firm  conclusions, 
exit  temperature  profile  var 
the  test  program. 


has  just  started  testing,  it  is 
It  is  encouraging,  however, 
nation  (A  TVR)  as  low  as  1,45 


too  early  to 
to  have  an 
so  early  in 
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LOCATION  OF  INLET  TRIPS  ON  FULL-ANNULAR  BURNER  RIG 
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MODEL  2-1  RAM  INDUCTION  BURNER 
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TEMPERATURE  PROFILE  OF  THE  MODEL  2-7  RAM 
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TEMPERATURE  PROFILE  OF  THE  MODEL  2-7  RAM  INDUCTION 
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MODEL  4  120-DEGREE  SEGMENT  RAM  INDUCTION  BURNER 
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MODEL  4  120-DECREE  SEGMENT  RAM  INDUCTION  BURNER 
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ITEM  5  -  TURBINE  DEVELOPMENT 
OBJECTIVE 

To  conduct  development  testing  of  turbine  com¬ 
ponents  directed  toward  verifying  the  turbine 
design  and  determining  the  effectiveness  of  tur¬ 
bine  blade  and  nozzle  cooling.  The  specific 
goals  of  this  program  were  to  further  advance 
the  technology  available  for  turbine  design  by 
conducting  steady  state  and  cyclic  tests  of 
turbine  components  employing  advanced  cool¬ 
ing  techniques  and  to  further  substantiate  the 
effect  of  turbine  cooling  on  turbine  perform¬ 
ance  parameters, 

A.  INTRODUCTION 

In  support  of  the  turbine  design  effort,  laboratory,  rig  and  engine  tests 
were  continued  to  evaluate  the  capability  of  new  blade  and  vane  configu¬ 
rations.  This  work  included  testing  of  advanced  film  cooled  turbine 
components  as  well  as  additional  investigations  of  convectively  cooled 
blade  and  vane  designs  Hardware  was  primarily  of  JT4  size  to  expedite 
testing,.  When  possible,  existing  parts  were  modified  to  permit  the 
early  evaluation  of  the  various  vane  and  blade  schemes  under 
consideration. 

The  turbine  development  program  was  divided  into  six  principal  areas 
of  effort  which  are  briefly  defined  below: 

1.  INVESTIGATION  OF  THE  HEAT  TRANSFER  CHARACTERISTICS 
OF  AIR  COOLED  VANES 

An  extensive  experimental  program  was  conducted  to  study  the  heat 
transfer  characteristics  of  various  turbine  vane  cooling  schemes  with 
emphasis  placed  on  film  cooled  designs,  This  work  was  divided  into 
two  major  areas  of  effort:  (a)  an  investigation  of  the  basic  factors 
governing  the  cooling  effectiveness  of  film  cooled  blades  and  (b)  the 
testing  of  full-scale  air  cooled  vane  configurations  in  a  heat  transfer 
cascade  rig-  The  first  investigation  was  aimed  at  increasing  funda¬ 
mental  knowledge  of  film  cooling  phenomena  and  correlating  this 
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information,  where  possible,  with  published  data.  In  the  second  pro¬ 
gram,  tests  were  conducted  to  determine  the  heat  transfer  character¬ 
istics  of  full-scale  turbine  engine  vane  designs  which  were  being  con¬ 
sidered  for  incorporation  in  the  SST  engine, 

2.  INVESTIGATION  OF  NEW  FABRICATION  TECHNIQUES 

As  part  of  the  development  effort  on  air-cooled  turbine  vanes,  a  pro¬ 
gram  was  undertaken  to  develop  a  "wafer  vane"  design.  A  wafer  vane 
is  an  assembly  composed  of  a  large  number  of  stamped  segments 
bonded  together  to  produce  an  airfoil  shape.  This  method  of  construc¬ 
tion  has  two  advantages  -  it  permits  the  rapid  fabrication  of  test  com¬ 
ponents  avoiding  the  long  lead  times  necessary  for  cast  parts  and  per¬ 
mits  the  use  of  elaborate  cooling  passage  configurations  which  cannot 
be  incorporated  in  ordinary  cast  vanes. 

3.  THERMAL  FATIGUE  TESTING  OF  AIR  COOLED  VANES  IN  A 
HOT  CHOKED  CASCADE  RIG 

To  permit  investigating  the  durability  of  air-cooled  vanes  under  thermal 
fatigue  conditions,  a  choked  cascade  rig  which  had  been  built  under  the 
Phase  ILA  contract  was  made  operational  during  this  period. 

4.  EVALUATION  OF  AIR  COOLED  TURBINE  BLADES  AND  VANES 
IN  A  FULL-SCALE  TURBINE  DEVELOPMENT  ENGINE 

Since  the  final  evaluation  of  turbine  vane  and  blade  designs  must  depend 
on  their  performance  in  an  engine,  the  development  testing  of  full-scale 
blades  and  vanes  was  undertaken  in  a  turbine  development  engine  at  con¬ 
ditions  simulating  operation  in  a  supersonic  transport  engine.  The  test 
programs  included  steady-state  endurance  tests  to  evaluate  cooling  and 
creep  characteristics  and  cyclic  endurance  tests  to  evaluate  the  thermal 
fatigue  proper  ies  of  these  parts. 

5.  PERFORMANCE  TESTING  OF  FILM  COOLED  VANES  AND  BLADES 

Performance  tests  were  conducted  on  various  film -cooled  blade  and  vane 
designs  in  order  to  obtain  quantitative  information  on  how  the  air  used 
for  film  cooling  effected  the  aerodynamic  performance  of  the  turbine. 

The  effect  of  different  cooling  flow  rates  and  hole  configurations  was 
investigated.  The  blade  configurations  were  r  an  in  a  single  stage  rotating 
rig;  the  vanes  were  tested  in  a  cascade  rig. 
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6.  LABORATORY  TESTING  OF  ADVANCED  VANE  AND 
BLADE  MATERIALS 

In  support  of  the  design  effort  on  air-cooled  turbine  blades  and  vanes, 
a  series  of  laboratory  tests  wat  conducted  to  determine  the  effect  of 
drilling  holes  in  specimens  of  advanced  high  temperature  alloys  on 
their  fatigue  and  stress  rupture  characteristics.  Other  laboratory 
investigations  conducted  during  this  period  on  advanced  high  tempera¬ 
ture  alloys  included  long  time  creep  test3,  cyclic  stress  rupture  tests 
and  creep  rupture  tests. 

A  discussion  of  the  work  completed  in  each  of  these  areas  is  presented 
in  the  sections  which  follow. 

B.  BASIC  INVESTIGATION  OF  THE 
EFFECTIVENESS  OF  FILM  COOLING 

1.  INTRODUCTION 

Numerous  investigators  have  experimentally  studied  film  cooling  and 
have  determined  the  effect  of  important  variables  such  as  slot  configu¬ 
ration  and  coolant  flow  on  cooling  effectiveness.  Configurations  simi¬ 
lar  to  those  being  considered  for  current  engine  blade  and  vane  designs 
have  been  included  in  these  studies  but  have  generally  been  tested  with 
low  main  stream  velocities,  temperatures  and  low  pressure  differentials 
between  the  primary  and  secondary  air  streams.  These  tests  were  also 
generally  conducted  with  much  larger  geometries  than  those  which  will 
be  used  for  vane  and  blade  cooling  in  the  SST  engine. 

The  current  program  to  investigate  basic  film  cooling  performance  para¬ 
meters  was  perfox'med  to  verify  and  extend  existing  correlations  tc  en¬ 
gine  operating  conditions,  The  overt  1  goals  of  this  program  were: 

a.  To  determine  if  currently  available  design  information  on  film 
cooling  is  valid  throughout  the  anticipated  range  of  engine  temperature, 
pressure  and  flow  conditions  to  be  encountered  in  the  supersonic  trans¬ 
port  engine. 

b.  To  evaluate  the  effect  of  cooling  slot  geometries  on  cooling 
effectiveness, 

c.  To  apply  the  data  and  correlations  obtained  from  these  studies 
to  film-cooled  turbine  vanes  and  blades, 

d.  To  determine  the  optimum  mass  flow  ratios  for  specific  film- 
cooled  geometries. 
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2*  DESCRIPTION  OF  TEST  RIG 

The  test  rig  used  in  the  basic  investigation  of  film-cooling  performance 
is  shown  in  Figure  5-1.  Schematic  diagrams  of  the  overall  rig  and  a 
detailed  schematic  of  the  test  section  are  shown  in  Figure  5-2.  The  ,, 

major  components  of  the  basic  flow  rig  consisted  of  the  following:  I 


a.  A  bellmouth  for  measuring  primary  flow  i.e.  simulated  engine 
airflow, 


b.  A  plenum  section  to  stabilize  the  primary  flow, 

c.  A  burner  section, 

d.  A  mixing  plenum  to  provide  a  uniform  temperature  profile, 

e.  The  test  section, 

f.  An  exhaust  duct, 

g.  A  secondary  air  supply  (i.e.  simulated  cooling  airflow)  with  its 
associated  meters  and  burner  to  regulate  pressure,  temperature  and 
airflow. 

The  test  section  was  a  six-foot  long  rectangular  duct  with  an  internal 
cross-sectional  area  of  three  square  inches  (2  inches  x  1.  5  inches). 
The  test  plate  which  contained  the  film  cooling  configuration  being 
evaluated  was  installed  four  feet  from  the  entrance  of  the  test  section. 
Immediately  upstream  and  downstream  of  the  test  section  were  tem¬ 
perature  and  pressure  probes  for  measuring  primary  gas  stream 
conditions.  The  rig  was  designed  to  operate  at  main  stream  tempera¬ 
tures  up  to  1800^  and  pressures  up  to  200  psi  with  compatible  cooling 
air  temperatures  and  pressures. 

3.  DESCRIPTION  OF  PARTS  TESTED 


The  specimens  tested  in  the  film  cooling  flow  rig  were  made  up  in  the 
form  of  rectangular  plates  and  were  mounted  in  holders  of  the  type 
shown  in  Figure  5-3.  The  specimen  installed  in  the  holder  shown  in  the 
above  figure  incorporated  a  double  row  of  .film  cooling  slots.  The  loca¬ 
tion  of  the  thermocouples  used  to  measure  upstream  and  downstream 
metal  temperatures  may  also  be  seen  in  this  figure.  A  total  of  five 
te3t  plates,  incorporating  three  different  cooling  slot  configurations 
were  tested.  The  plate  configurations  are  listed  below;  schematic 
diagrams  of  each  are  shown  in  Figure  5-4. 
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Teat  Plate 


Plate 

Description 

Material 

Result  s 

1 

Single  i'ow,  3 0 ^ ,  0,  016  slot 

W  ood 

Adiabatic  wall 
temperature  n 
obtained 

2 

Single  row,  30°,  0.016  slot 

I-Iaotelloy 

Plate  failod 

3 

Single  row,  30°,  0,0  16  slot 

Haste  Hoy 

Metal  tempera* 
turo  distribution 
obtained 

4 

Double  row,  30°,  0.015  slot 

Maatelloy 

Metal  tempera* 
turo  distribution 
obtained 

5 

Single  row,  30°,  0.006  alot 

Haetalioy 

Metal  tempera¬ 
ture  distribution 
obtained 

4*  TEST  PROCEDURE 


After  the  installation  of  the  desired  test  specimen  in  the  rig,  a  steady 
primary  flow  condition  waa  established  using  the  controls  available  to 
regulate  the  primary  burner  pressure ,  flow  rate  and  oicit  temperature, 
Except  for  the  first  run  using  the  wooden  plate,  Costs  wero  conducted  at 
five  primary  gas  stream  conditions  which  included  savaral  pressure 
iravelo  in  the  range  between  50  and  200  psia  and  temperatures  between 
1400°F  and  1600"F.  Five  coolant  to  primary  gas  stream  ratios  wore 
set,  providing  a  total  of  twenty-five  tost  points.  The  testing  conductoc] 
to  date  has  been  performed  in  the  absence  of  a  pressure  gradient  across 
the  plate  (which  would  result  from  changes  in  flow  velocity  duo  to  the 
curvature  of  the  blading).  This  was  clone  to  simplify  analysis  and  allow 
direct  comparisons  with  existing  published  film  cooling  data. 


A  non-dimensional  form  is  generally  employed  when  presenting  film 
cooling  data.  The  data  is  correlated  as  a  temperature  effectiveness 
parameter  versus  a  term  which  includes  the  mass  velocity  ratio  of  the 
coolant  slot  and  the  distance  downstream  from  the  slot.  These  terms 
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where 

T  m  Adiabatic  wall  temperature  without  i>  film,  *F 

T_  -  Effective  film  tamperntura,  or  adiabatic  wall  lomperu- 
ture  with  film,  ®F 

T,  *  Coolant  temparnle -e,  ‘F 

X  s  Distance  downstream  from  !h«  «lot,  inches 

S  B  Characteristic  width  of  plot,  inches 

hi  a  Maos  velocity  ratio  of  roolant  to  primary  sti'aarn  e 


9,  TEST  PROGRAM  AND  RESULTS 

After  the  initial  shakedown  of  the  rig,  an  Instrumented  wooden  pints 
with  a  single  309,  0,016"  slot  (Teat  Sample  #1}  was  Infiilalled  find  tooted 
in  the  rig,  The  wooden  plate  provided  tt  moann  for  obtaining  a  direct 
measurement  of  adiabatic  wall  temps  vatu  res  nines  conduction  through 
tho  wood  was  email  enough  to  bo  considered  negligible,.  In  addition, 

»lnce  these  lento  were  run  at  comparatively  low  tamper  OKil't'S,  ills 
effect  of  radiation  was  not  eignificont,  Figure  8*9  pre.ssms  u  cempavi* 
son  of  the  teats  results  with  data  based  on  available  published  results, 

At  the  ?.00*j'  primary  and  70°F  coolant  eti'eam  eandUlbttfc  elwwn  in 
thin  curve,  the  measured  effective  film  temperature  was  about  1?,  Ira  13 
degree  a  higher  than  lhal  derived  from  existing  published  data,  Till  a 
difference  wua  considered  to  be  within  the  limit#  of  experimental  accuracy. 

Following  the  low  tnmporature  testa,  it  wu/i  necessary  to  determine  if 
the  available  published  data  Wore  aquuiiy  valid  at  ths1  high  temperature 
levolo  and  hlgli  prlmary-to-coolant  gait  stream  ratios  airtlulpnU/d  in  the 
SST  engine,  Figure  9*6  shows  the  rseullis  o  1  one  ouch  teat  and  com® 
pares  the  loot  vo nulls  obtained  for  u  plain  having  .»  single  30s  0,  016 
Inch  olot  with  prediction)?  based  on  published  data,  The  aomparlflon 
for  tlio  firut  inch  downstream  of  the  slot  to  good  Indicating  that 
measuring  techniques  ur«<1  were  uatlofaetory,  How  aver,  tho  spread 
between  extrapolations  based  on  published  data  and  tool  results  tends  to 
dovlato  oKcuaoiveiy  beyond  this  point  Indicating  Use  need  for  an  sh* 
parlmsntal  rather  than  a  purely  analytical  approach  to  this  problem, 

In  order  to  obtain  aecurato  wall  temperature  rnaaiureniaiua,  it  was 
necouoftry  Lo  compensate  for  radiation  and  conduction  nffocls  in  llilo 
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rig.  The  procedures  necessary  In  correct  the  data  for  each  point  wore 
much  tea  Involved  and  time  consuming  lo  be  performed  manunlly,  There  * 
fore  a  computer  data  roductlon  program  was  written  to  take  resulting 
film  cooled  metal  plain  temperature  a  an-1  converl  the  roBulls  directly 
Into  the  non-dimanaionul  pornmotera  ptwlously  preflontod  with  correc¬ 
tions  for  radiation  and  conduction  affocto  Included, 

A  aample  of  the  tincorrocted  metal  temperature  data  obtained  from  the 
rig  la  shown  In  Figure  5-7,  Tins  same  Information  corroded  for  con¬ 
duction  and  radiation  effects  and  raplottod  to  indicate  cooling  effective¬ 
ness  In  iihown  In  Figure  9-fl,  Ths  results  with  the  other  two  conflgura- 
tiona,  n  double  row,  30%  0.01S1'  slot  (Specimen  4)  and  a  single  row, 

30"  0.006"  slot  (Specimen  5)  are  shown  In  Figures  5-9  and  3-10 
respect.lvnly, 

All  pertinent  data  obtained  in  this  rig  was  turned  over  to  the  design  de¬ 
partment  to  assist  them  In  the  dfioign  af  film  eetdad  vanes  and  blades, 

It  Is  plnnnod  to  continue  this  program  and  evaluate  other  film  cooling 
and  transpiration  cooling  achamefl, 


C.  INVESTIGATION  OF  THE  HEAT  TRANSFER  CHARACTERISTICS 
OF  AIR  COOLED  VANES  IN  A  HIGH  PRESSURE  CASCADE  RIG 

A  Inst  program  wne  conducted  In  a  high  pressure  three -vane  chol«ed 
cascade  rig  to  dotormite  the  cooling  characteristics  of  the  various 
sir -cooled  turbine  vane  designs  being  considered  for  incorporation  in 
the  SST  engine.  The  rig  used  simulated  all  aspect/?  of  the  turbine  vane 
environment  and  incorporated  provisions  for  measuring  vane  metal 
temperatures  and  main  gas  elreuin  and  cooling  air  pressur/sa,  tempera¬ 
tures  and  air  flows.  The  basic  simplicity  of  tills  rig  enabled  the  evalu¬ 
ation  of  proposed  air-cooled  vane  doolgno  over  u  wide  range  of  conditions 
in  a  rapid  and  economical  manner, 

DESCRIPTION  OF  RIG 

An  overall  view  of  the  high  preasure  cascade  rig  io  shown  in  Figure  5-11 
and  u  sc  hematic  of  the  rig  is  shown  in  Figure  9*12,  Essentially,  the 
rig  consisted  of  a  eel'iss  of  duets  for  measuring,  pre-healing,  milting 
and  directing  air  flow  through  a  three -vano  cascade,  The  cent  or  vane 
in  Ljio  cnocude  was  the  lest  vane,  the  vanes  on  either  side  weru  "slave" 
vnnoa  which  wore  used  lu  simulate  an  engine  environment  for  Ilia  lest 
vans, 
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Three  separate  air  systems  were  Incorporated  in  the  rig.  These  were 
used  to  supply  (a)  main  stream  air  (b)  cooling  air  for  the  test  vanoa 
(c)  cooling  air  for  the  "slave"  vanes.  The  main  stream  air  was  heated 
directly  by  a  gas  turbine  type  JP  fuel  burning  combustion  chamber  lo¬ 
cated  upstream  of  the  teat  section.  The  cooling  air  for  the  test  vane 
was  supplied  through  a  second  system  (shown  in  Figure  5-12)  which 
incorporated  flow  control  valves,  flow  measuring  orifices  and  an  al¬ 
cohol  heater -burner  upstream  of  the  test  vane.  The  cooling  air  which 
was  not  discharged  into  the  gae  stream  through  the  test  vane  air  foil 
surface  slots  or  holes  passed  through  the  airfoil  and  was  collected  at 
the  opposite  end  of  the  vane,  It  was  piped  through  a  cooler,  a  flow 
measuring  orifice  and  a  back  pressure  valve  before  being  exhausted  to 
utrnoBpharo,  The  slave  vanes  were  eonvectlvely  cooled  by  radial  cool¬ 
ing  holes.  The  slave  vans  airflow  was  regulated  to  maintain  surface 
temperatures  in  the  vanes  to  match  those  of  the  test  vanes,  This 
arrangement  minimized  radiation  losses  and  resulted  In  a  close  simu¬ 
lation  of  actual  engine  conditions. 

The  vanea  were  Installed  In  the  test  section  so  as  to  provide  gap  chord 
ratios  at  the  root  and  tip  which  duplieatsd  engine  dimensions.  An  in¬ 
strumentation  section  containing  sight  pnrto  and  probe  bosses  was 
located  immediately  upstream  of  the  test  section.  The  sight  ports 
were  uoed  for  infrared  pyrometer  temperature  measuring  devices  and 
the  probo  boofiiOB  were  used  for  the  installation  of  instrumentation  to 
measure  mainstream  pressures  and  temperatures,  A  water-jacketed 
pilot-type  pressure  probe  and  a  water  jacketed  aspirated  pressure 
probe  wore  used  to  monitor  test  conditions.  These  probes  could  be 
travorafld  across  the  gas  stream  during  testing.  The  mixing,  transi¬ 
tion,  test  and  exhaust-diffuser  sections  were  water  Jacketed, 

All  vanes  used  in  these  tests,  excluding  the  "slave  vanes",  ware  in¬ 
strumented  with  chrome!  alumel  thermocouples  to  measure  metal  our - 
tace  temperatures  at  the  mid  span  of  the  airfoil  on  both  the  concave  and 
convex  surfaces,  The  thermocouple  leads  wore  insulated  from  the  gas 
stream  with  a  high  temperature  ceramic  insulation  material  and  were 
capable  of  measuring  motul  temperatures  up  to  1900'F  for  prolonged 
periods  arid  2000°F  for  short  periods.  A  small  longitudinal  groove 
wan  machined  In  the  airfoil  to  contain  each  thermocouple  wire.  Lead 
wire  and  shielding  diameter 0  wove  kept  small  to  minimize  configuration 
changes  in  the  toot  vane,  The  thermocouple  wires  wore  routed  to  an 
oxit  tube  which  extended  through  the  top  plenum  of  the  tost  flection, 

The  test  vane  cooling  air  waa  introduced  through  a  tube  which  was 
weldud  to  the  bottom  shroud  o*  the  vune  and  protruded  through  the 
bottom  plenum  section  of  the  rig.  Cooling  air  temperatures  wore 
measured  at  the  entrance  to  this  tube, 
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TEST  PROGRAM 

A  total  of  nine  different  cooling  schemes  for  air  cooledvan.es  wereeval 


uated  during  this  contract  period, 
results,  all  test  vanes  utilized  th< 
figurations  are  listed  below: 


Cooling  Schemes 

Pressure  Distribution* 
Shower  Head 
TD  Nickel 
W  afar  # 1 

Pedestal  Trailing  Edge 
Wafer  //2 
Pierced  Sheet 
Wafer  #3 
Wafer  /M 


For  convenience  in  evaluating  the 
same  airfoil  envelope.  These  con- 


Shown  In 

Figures  5-13  and  5-14 
Figures  5-15  and  5-1.6 
Figures  5-17  and  5-18 
Figures  5-19  and  5-20 
Figures  5-21  and  5-22 
Figures  5-23  and  5-24 
Figures  5-25  and  5-26 
Figure  5-27 
Figure  5-28 


*  Used  to  determine  airfoil  profiles  only. 

Before  running  any  of  the  cooling  air  schemes  listed  above,  tests  were 
conducted  to  determine  typical  pressure  profiles  on  the  test  vane  sur¬ 
faces.  Two  special  vanes  with  pressure  taps  at  mid-span  on  both  the 
convex  and  concave  surfaces  were  used  in  this  test.  These  vanes  had 
the  same  airfoil  envelope  as  the  cooling  scheme  tost  vanes,  Two  tost 
vanes  were  used  to  obtain  a  sufficient  number  of  chordwiee  locations. 


I 


j 

i 

I 

| 

J 

| 


The  vanes  were  tested  at  the  following  main  gas  stream  and  cooling 
air  conditions: 

Mainstream  MainStream  Cooling  Air 

Pressure  -  psia  Temperature  °F  emperaluro  °F 


30 

45 

175 


2300 

2300 

2300 


1200 

650 

650 


Data  was  recorded  at  three  cooling  airflow  levels  for  each  mainstream 
pressure  levels,  one  at  the  test  vane  design  cooling  air  flow  level,  one 
slightly  above  and  the  other  slightly  below  this  level. 
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TEST  RESULTS 

The  data  obtained  from  the  initial  tests  to  determine  pressure  profiles 
around  the  vanes  is  shown  in  Figure  5-29.  This  information  was  used 
for  computing  the  heat  transfer  coefficients  along  the  test  vane  air¬ 
foils. 

Vane  metal  temperatures  measured  during  the  testing  of  the  film 
cooled  vane  designs  was  plotted  on  curves  showing  metal  temperature 
versus  percent  chord  position  for  each  of  the  three  coolant  flow  levels 
used  at  each  test  condition.  The  test  results  for  the  ahowerhead  vanes, 
the  pedestal  trailing  edge  vanes  and  the  Wafer  (i  1  and  // 2  vanes  are 
shown  in  Figure  5-30  through  5«33,  The  tests  on  number  3  and  4  wafer 
vanes  were  run  in  a  similar  but  larger  heat  transfer  cascade  rig. 

The  test  results  are  shown  in  Figures  5-34  thru  5-37.  Analysis  of  the 
data  from  testa  of  the  No.  3  vane  demonstrated  excellent  chordwise 
cooling  except  for  the  trailing  edge  which  was  not  cooled  sufficiently. 
Analysis  of  the  data  from  the  tests  of  the  No.  4  vane  demonstrated  an 
excellent  coolant  capability,  Testing  of  the  T,  D,  nickel  vanes  and  the 
pierced  sheet  vanes  was  still  in  progress  at  the  close  of  this  report 
period.  Information  obtained  in  this  program  will  be  usod  to  assist  in 
the  SST  engine  design.  Running  time  on  the  choked  cascade  rig  during 
this  report  period  totalled  58.  9  hours. 


D.  DEVELOPMENT  OF  A  CHOKED  CASCADE  THERMAL  SMOCK  RIG 
FOR  THE  THERMAL  FATIGUE  TESTING  OF 
FULL-SCALE  TURBINE  VANES 


During  the  Phase  IIA  contract  period,  a  choked  cascade  thermal  shock 
rig  for  the  thermal  fatigue  testing  of  full-size  turbine  vanes  was  con¬ 
structed  and  initial  shakedown  tests  were  completed.  During  the  Phase 
IIB  period,  additional  shakedown  teste  were  performed  and  modifications 
were  made  to  the  rig  in  order  to  improve  test  section  inlet  temperature 
distribution  patterns.  A  satisfactory  temperature  profile  was  obtained, 
The  rig  is  now  ready  for  accelerated  endurance  testing. 


I 

1 

I 

1 

I 

I 

i 

I 

I 

I 

1 

i 


1.  DESCRIPTION  OF  TEST  RIG 

The  choked  cascade  rig,  which  is  shown  in  Figure  5-38  and  Figure  2-39 
consists  of  a  translating  water-cooled  vane  holder  mounted  in  a  test 
chamber  to  which  air  is  supplied  from  a  common  source  through  a  cen¬ 
trally  located  hot  gas  duct  and  two  cold  air  side  ducts.  In  operation  the 
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vane  holder  which  has  a  capacity  for  testing  twenty  vanes  simultaneously, 
can  be  translated  to  a  position  in  which  ten  vanes  are  exposed  to  the  hot 
gas  stream  and  ten  to  the  cold  gas  stream,  Alter  a  predetermined  ex¬ 
posure  period,  the  holder  is  moved  rapidly  in  the  reverse  direction, 
exposing  the  ten  heated  vanes  to  the  cold  air  stream  and  positioning  the 
ten  cold  vaneb  in  the  hot  gas  stream.  This  alternate  exposure  to  hot 
gas  and  cold  air  constitutes  one  thermal  shock  cycle.  A  stand  heater 
burner  was  installed  in  the  cooling  air  ducts  to  permit  varying  the  cold 
air  supply  over  a  temperature  range  from  200“F  to  1000“ F.  A  radia¬ 
tion  shield  was  mounted  in  the  test  chamber  downstream  of  the  vane 
cascade  to  reduce  radiation  heat  losses  from  the  vane  trailing  edges 
thereby  simulating  the  engine  installation  which  would  have  a  turbine 
disc  located  aft  of  the  vanes, 

2.  TEST  PROGRAM 

Testing  was  initiated  to  determine  if  tho  burner  exit  profile  simulated 
engine  operating  conditions.  Vane  inlet  gas  temperature  profile  cali¬ 
brations  were  run  at  approximately  1700“ F,  2000“ F  and  2300“ F  inlet 
tempeiaturo.  Tho  gas  temperature  gradient  across  tho  transition  duct 
(located  upstream  of  tho  vane  cascade)  was  measured  using  five  water- 
cooled  traversing  problss.  The  results  obtained  were  inconclusive 
because  a  post-tost  inspection  revealed  a  collapsed  main  combustion 
chamber  exit  duct. 


Following  this  test,  a  cermet  transition  duct  was  installed,  the  rig  was 
reassembled  and  a  two-point  calibration  at  approximately  1900 "F  and 
2000  °F  was  performed  to  re  check  the  tost,  section  inlet  gas  temperature 
profile.  An,  analysis  of  the  results  revealed  the  profiles  to  be  unac¬ 
ceptable  since  a  temperature  gradient  of  approximately  600“ F  existed 
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components  wore  in  good  condition, 


In  an,  attempt  to  improve  the  inlet  profile,  the  main  combustion  chamber 
hole  pattern  was  modified  to  Increase  the  center  tube  combustion  hole 
area.  The  LT-1  ceramic  transition  duct  was  removed  and  a  water 
cooled  transition  duct  was  installed.  After  reassembly  of  the  rig,  lest- 
ing  was  resumed  and  data  was  recorded  at  average  tost  section  Inlet  tem¬ 
peratures  ranging  from  1800°F  to  2300“F.  An  analysis  of  the  data 
revealed  an  improved  vane  inlet  gas  temperature  profile  with  a  reduc¬ 
tion  in  the  maximum  temperature  gradient  to  450“  F  at  the  three  lower 
points. 
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The  rig  was  reassembled  and  another  test  was  run.  An  analysis  of  the 
results  indicated  no  significant  improvements  in  the  vane  inlet  gas 
temperature  profile. 

The  rig  was  modified  in  an  attempt  to  improve  the  inlet  gas  temperature 
profile  by  plugging  eighteen  holes  around  the  //I  and  #6  fuel  nozzle 
s>  driers.  An  analysis  of  the  data  obtained  showed  no  significant  im¬ 
provements  in  inlet  temperature  profile. 

The  main  combustion  chamber  was  reoperated  to  increase  the  second¬ 
ary  combustion  air  flow  area  by  plugging  43  holes  on  the  circumfer¬ 
ence  of  the  burner  head.  A  five  point  program  was  conducted  at  test 
vane  temperature  levels  of  approximately  1600°F,  1900°F,  2000°F 
and  2100° F.  Results  Indicated  no  improvement  over  previous  runs 
with  a  reduction  in  the  maximum  temperature  gradient  to  430° F. 

Subsequently,  a  five  point  program  was  rim  using  combustion  chambers 
with  a  more  symmetrical  hole  patterns.  An  analysis  of  the  results 
Indicated  a  gas  temperature  gradient  of  330°F  at  the  2000°F  vane  inlet 
temperature  condition. 

The  main  combustion  chamber  was  reoperated  to  reduce  the  maximum 
temperature  gradient  by  plugging  three  of  the  secondary  combustion  air 
holes  to  increase  the  gas  temperature  on  the  "cold"  left  side.  The  re¬ 
sults  of  tests  with  this  burner  revealed  a  temperature  profile  with  a 
maximum  temperature  gradient  of  340 °F, 

The  main  combustion  chamber  was  reoperated  to  increase  the  gas  stream 
temperature  in  the  lower  right  hand  corner  of  the  cascade.  Tests  con¬ 
ducted  after  this  change  indicated  that  this  reoperation  produced  an  ac¬ 
ceptable  burner  profile  with  a  maximum  temperature  variation  of  29£°F 
at  the  2000° F  inlet  temperature  condition.  Following  completion  of 
these  tests,  the  side  utr  ducts  were  balanced  by  adjusting  the  butterfly 
valves  and  the  rig  was  doomed  to  be  ready  to  start  thermal  fatigue 
programs  on  advanced  air-cooled  vanes.  The  total  running  time  on 
this  rig  la  174.  4  hours, 

El  EVALUATION  OF  FULL-SCALE  AIR-COOLED 
BLADES  AND  VANES  IN  THE  TURBINE 
DEVELOPMENT  ENGINE 

The  purpose  of  this  program  was  to  continue  the  engine  testing  of  full- 
scale  air-cooled  turbine  blades  and  varies  at  turbine  inlet  temperatures 
of  2300" F  and  above.  During  the  Phase  II  B  contract  in  addition  to  the 
cyclic  testing  a  total  of  200  hours  of  endurance  testing  was  accom¬ 
plished  in  the  turbine  development  engine. 
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1,  DESCRIPTION  OF  TURBINE  DEVELOPMENT  ENGINE 

The  turbine  development  engine  used  in  this  program  was  basically 
a  JT4  engine  with  the  low  compressor  and  low  turbine  sections  removed. 

The  basic  hardware  consisted  of  a  bellmouth  inlet,  a  seven- stage  com¬ 
pressor,  complete  diffuser  and  burner  sections  and  a  single  stage 
turbine.  The  exhaust  area  was  designed  to  produce  optimum  conditions 
required  by  the  compressor  for  starting  and  continuous  operation.  The 
vehicle  was  equipped  with  instrumentation  in  the  turbine  section  allow¬ 
ing  for  strain  gage  and  thermocouple  measurements  through  a  slip  ring 
assembly  attached  to  the  tv.rbine  shaft.  In  addition,  the  normal  instru¬ 
mentation  requirements  for  measuring  airflow,  pressures  and  tempera¬ 
tures  throughout  the  vehicle  were  incorporated. 

In  order  to  permit  running  at  elevated  turbine  inlet  temperatures  at 
conditions  simulating  supersonic  transport  operation,  this  engine  was 
installed  in  a  test  stand  incorporating  provisions  for  heating  the  inlet 
air.  Figure  5-40  shows  a  view  of  the  heated  inlet  hardware  which  was 
provided  for  this  test;  Figure  5-41  shows  a  schematic  diagram  of  the 
teat  installation.  The  turbine  blade  and  vane  cooling  air  was  supplied 
by  a  JT12  engine  with  the  cooling  air  bled  off  from  the  compressor 
discharge  as  shown  in  Figure  5-42.  The  JT12  engine  was  used  in 
order  to  permit  varying  cooling  airflow  and  pressure  differentials  in¬ 
dependent  of  engine  conditions.  The  vane  and  blade  cooling  air  system 
incorporated  a  heater  burner  in  the  supply  line  to  allow  pre -heating 
the  air  to  any  desired  temperature.  An  overall  view  of  the  engine  in¬ 
stallation  including  the  vane  and  blade  cooling  air  supply  system  is 
shown  in  Figure  5-43.  The  turbine  inlet  temperature  was  measured 
with  eight  Platinum-Platinum  Rhodium  water  cooled,  aspirated,  gas 
temperature  probes  which  were  traversed  periodically  across  the 
gas  stream  approximately  3"  upstream  of  the  first  nozzle  vanes. 

These  probes  were  located  circumferentially  around  the  engine,  one 
behind  each  burner  can,  to  sense  an  "average"  burner  can  exit 
temperature. 

2.  DESCRIPTION  OF  BLADES  AND  VANES  TESTED  IN  THE  TURBINE 
DEVELOPMENT  ENGINE 

During  this  contract  period  both  film-cooled  and  convectively- cooled 
turbine  blades  were  tested  in  the  turbine  development  engine.  All  of 
the  film-cooled  blades  were  to  a  "shower-head"  design.  The  "shower- 
head"  blades  incorporate  provisions  for  film  cooling  the  leading  edge 
with  air  discharged  thi’ough  a  series  of  holes  in  the  blade  leading  edge. 

In  addition,  some  of  the  blades  had  holes  drilled  near  the  trailing  edge 
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on  both  the  suction  and  pressure  surfaces  to  provide  trailing  edge  cool¬ 
ing.  The  shower  head  type  blade  configurations  tested  during  this 
period  are  listed  below: 


Leading  Edge  Cooling  Scheme 

Three  rows  of  .  013"  dia.  holes  at  90°  to  L.  E. 

Three  rows  of  .  013"  dia.  holes  at  30°  to  L.  E. 

Three  rows  of  .008"  dia.  holes  at  90°  to  L.  E. 

Five  rows  of  .  008"  dia.  holes  at  90°  to  L.  E. 
Five  rows  of  .  008"  dia.  holes  at  30°  to  L.  E, 
One  row  of  ,  030"  dia.  holes  at  30 0  to  L„  E. 
Three  rows  of  .  030"  dia.  holes  at  30°  to  L.  E. 


Shown  In 

Figure  5-44 
Figure  5-45 
Figure  5-46 
Figure  5-4? 
Figure  5-48 
Figure  5-49 
Figure  5-50 


The  convectively  cooled  blades  and  vanes  tested  in  this  phase  of  the 
program  are  listed  below: 


f  5 


Blade  Design 

.  020"  Sawtooth 
.  030"  Sawtooth 
Eleven  Hole 
Ribbed  Core 


Material 

PWA-659 
PWA-655,  663 
PWA-658,  659,  663 
PWA-658,  659,  663 


Sample  blades  of  each  of  these  types  cut  away  to  show  the  cooling 
passages  are  presented  in  Figure  5-51.  All  of  the  test  blades  were 
coated  with  either  JC14L  (Jo  Coat)  or  TaAl3  (Chromally). 

The  vane  designs  evaluated  in  the  turbine  development  engine  during 
Phase  II  B  included  the  following  configurations: 


I  i 


V 


Vane  Design 

Slotted  trailing  edge 
Pedestal  Cor.  Trailing  Edge 


Material 

PWA-657,  AMS  5382 
PWA-657,  AMS  5382 


The  test  vanes  were  coated  with  either  Jo  Coat  or  Chromalloy  coatings. 
3.  TEST  PROCEDURE 

Two  types  of  endurance  tests  were  conducted  during  this  program  - 
steady  state  endurance  tests  and  cyclic  endurance  tests.  In  a  steady 
state  endurance  test,  the  engine  was  brought  up  to  the  desired  test 
conditions  and  run  at  these  conditions  for  the  scheduled  duration  of 
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the  test  except  for  shutdowns  required  for  inspections  and  maintainence. 
The  inspections  were  performed  at  twenty-five  hour  intervals  and 
included  visual  inspections  and  growth  measurements  of  the  vanes  and 
blade  s. 

The  cyclic  endurance  test  schedule  was  designed  with  a  view  to  ex¬ 
posing  the  blades  and  vanes  to  a  severe  thermal  fatigue  environment. 

In  the  cyclic  endurance  tests,  the  engine  was  accelerated  in  3  seconds 
to  the  maximum  turbine  inlet  temperature  desired  and  operated  at  these 
conditions  for  a  predetermined  time  interval.  At  the  end  of  this  period, 
the  engine  was  decelerated  in  5  seconds  to  the  minimum  turbine  inlet 
temperature  level  established  for  the  program.  Thereafter  the  engine 
was  cycled  back  and  forth  between  these  two  temperature  levels.  The 
JT12  auxiliary  blade  and  vane  cooling  air  supply  engine  and  the  heated 
inlet  facility  were  operational  during  the  entire  test.  The  heated  inlet 
was  cycled  in  unison  to  produce  the  desired  temperature  level.  The 
JT12  engine  was  not  cycled  but  was  maintained  at  one  cooling  air  temp, 
and  pressure  level  throughout  the  test. 

Cycling  was  controlled  electronically  in  order  to  insure  a  repeatable 
cycle.  The  engine  was  controlled  by  a  system  of  timers,  solenoids 
and  valves  that  coordinated  the  engine  and  heated  inlet  fuel  flows  to  ob¬ 
tain  the  required  idle  turbine  inlet  temperature. 


4  TEST  PROGRAM  AND  RESULTS 

For  the  initial  run  the  turbine  development  engine  was  assembled  with 
the  following  film  cooled  blades: 

Configuration  Quantity 


5  Row 

, 008/30° 

Shower  he  ad 

2 

5  Row 

. 008/90° 

Showerhead 

3 

3  Row 

. 008/90° 

Showerhead 

5 

3  Row 

.013/30° 

Showerhead 

2 

3  RoV/ 

. 013/90° 

Showerhead 

3 

1  Row 

. 030/30° 

Showerhead 

4 

19 


The  remaining  blades  were  convectively  cooled. 

These  blades  had  previously  accumulated  five  hundred  cycles  of  a 
cyclic  endurance  consisting  of  two  minutes  at  a  turbine  inlet  tempera¬ 
ture  of  2350°F  followed  by  two  minutes  at  1500°F.  This  program  was 
continued  to  1987  cycles  under  this  contract.  Eight  visual  inspections 


PAQC  NO,  5  •*  15 

CONFIDENTIAL 


HMlNMMUl)  AT  I  vfA#l  WTfffVA*# 
0(ClA««lTl<0  AFT*I»  1|  V«Art» 
MX)  0»1  ••0419 


tv  w*tvrno«il«B  MlUt  it  M|ai|‘<lt  A*  lit 


PRATT  A  WHIYN  EY  AIRCRAFT 


C©W8*5©ffiNTf!AL, 


PWA-2600 


of  the  blades  were  made  during  this  course  of  this  test.  Two  of  the 
film  cooled  blades  were  removed  after  two  hundred  cycles  because  of 
foreign  object  damage.  The  remaining  seventeen  film  cooled  blades 
completed  the  entire  test  and  were  in  excellent  condition  at  the  end  of 
the  program,  as  were  the  convectively  cooled  blades  which  made  up 
the  balance  of  the  rotor. 

The  turbine  vane  assembly  used  in  this  test  consisted  of  24  pedestal  core 
trailing  edge,  41  slotted  trailing  edge,  and  15  cutback  pedestal  core 
trailing  edge  vanes.  The  latter  vanes  had  been  cut  back  to  increase 
nozzle  area.  After  1430  cycles  of  testing,  40  of  these  vanes  were 
removed  because  of  burning  and  cracking  in  the  leading  edges. 

They  were  replaced  by  new  parts  of  the  same  configuration. 

Upon  completion  of  the  cyclic  endurance  test  noted  above,  the  engine 
was  disassembled  and  special  instrumented  turbine  vanes  containing 
shielded  leading  edge,  metal,  and  cooling  air  thermocouples  were 
installed.  Typical  vanes  containing  this  instrumentation  are  shown 
in  Figures  5-52  and  5-53.  The  engine  was  reassembled  and  calibrations 
were  performed  to  check  the  turbine  inlet  temperature  readings  de¬ 
termined  from  this  data  with  the  results  obtained  with  the  eight  platinum 
rhodium  gas  temperatures  traversing  probes  installed  in  the  turbine 
inlet.  An  analysis  of  the  data  indicated  good  agreement  between  the 
temperatures  measured  by  these  two  instrumentation  systems, 


The  engine  was  disassembled,  with  all  the  instrumentation  noted  above 
still  installed,  the  engine  was  reassembled  with  a  turbine  disc  in¬ 
corporating  blades  with  metal  temp  measuring  thermocouples,  These 
blades  are  listed  below.  Teste  were  conducted  to  record  transient 
gas  and  metal  temperatures  during  a  cyclic  endurance  test. 


Type  of 

Design 

Air  Cooling 

Quantity 

One  row 

. 030/30° 

Shower  he  ad 

Film 

5 

Three  row 

. 008/90° 

Showerhead 

Film 

5 

Three  row 

. 013/90° 

Shower  he  ad 

Film 

5 

Three  row 

. 013/30° 

Showerhead 

Film 

5 

.  020 

Sawtooth 

Convective 

2 

.  030 

Sawtooth 

Convective 

2 
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As  before,  the  balance  of  the  blades  were  uninstrumented  convectively 
cooled  parts.  Temperature  readings  from  the  above  thermocouples 
plus  six  on  the  front  and  x’ear  side  plates,  the  blade  cooling  air  tem¬ 
perature,  the  vane  cooling  air  temperature,  turbine  discharge  tem¬ 
perature  and  compressor  discharge  temperature  were  recorded  on  an 
IBM  tape  which  was  later  reduced  and  plotter]  for  analysis,  Represent- 
active  gas  and  blade  metal  temperature j  measured  during  a  typical  en¬ 
durance  cycle  are  shown  In  Figures  5-54  and  5*"55,  The  actual  metal 
temperatures  agreed  with  predicted  values.  This  agreement  ie  shown 
in  Figures  2A-116,  2A-187,  2A-.188  and  2A-189. 


After  the  tests  noted  above  were  completed  the  instrumented  vanes 
were  removed  and  replaced  with  previously  tested  parts.  Tho  instru¬ 
mented  disc  was  replaced  with  ona  containing  the  following  convectivoly 
cooled  blades! 


Quantity 

Configur  ation 

Material 

Coating 

40 

Ribbed  Core 

PWA  663 

JC14L  (Jo  Coat) 

11 

Ribbed  Core 

PWA  663 

TaAIg  (Chromally) 

16 

Ribbed  Core 

PWA  659 

JC14L  (Jo  Coat) 

29 

Ribbed  Core 

FWA  658 

JC14L  (Jo  Coat) 

A  200  hour  steady  state  endurance  tent  was  conducted  at  simulated  88 T 
cruise  conclutione  with  a  turbine  inlet  temperature  of  2300UF  and  with 
1200^  cooling  air  supplied  to  the  blades.  Tho  parts  were  removed  at 
25  hour  intervals  for  visual  inspections  and  growth  measurements, 
Values  of  blade  growth  versus  elapsed  time  measured  during  this  test 
are  shown  in  Figure  5-56,  The  data  ,0  in  good  agreement  with  the 
predicted  values,  hi  order  to  avoid  the  possibility  of  a  premature 
failure,  blades  indicating  high  growth  rates  were  removed  at  tho 
twenty-five  hour  Inspections  and  replaced  with  now  parts,  First  hull- 
cations  of  blade  fatigue  were  noted  at  130  hours  when  stress  rupture 
cracks  were  observed  on  the  concave  surface  of  a  PWA  663  blade  at 
approximately  one  third  of  the  blade  span  as  shown  in  Figure  3~37, 
During  the  1 75  hour  inspection  another  blade,  was  found  craclcod  in 
the  same  manner,  Seven  minutes  before  tho  ond  of  the  200  hour  an- 
durance  test,  a  PWA  663  blade  failed  at  approximately  one-third  span 
damaging  six  other  blades.  All  of  the  blades  run  in  this  test  were 
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visually  inspected  for  cracks  and  then  X-rayed  for  furthor  indications 
of  cracking,  The  results  of  this  inspection  revealed  the  following: 


PW A-  2600  f 


PWA  658  ,  PWA  659 


Visual  Crack  Indications 
X-Ray  Indications 
No  Indications 
Impact  Damage 


2 

17 

2 

0 


i 

6 

9 

0 


PWA  663 

Jo  Coat  Chromally 

3  1  i 

12  1Z 

4  5 

2  9 


At  the  clooa  of  this  report  period,  the  running  time  accumulated  on 
tfio  turbine  development  engine  was' 


Total  Engine  Tima 

Running  Time  Eatwoon  2200"-2300°F 
Running  Time  Between  2300°-2400®F 
Total  Time  Above  1900 SF 
Total  Number  of  Endurance  Cycles 


During  Pliaaa  li  B 

344 

9 

n<> 

no 

657 


F.  PERFORMANCE  TESTING  OF  FILM  COOLED  VANES 

Performance  toots  on  fllm-cooled  van  an  were  run  in  a  on  sc  ado  rig  to 
Investigate  how  the  airflow  di flCharg»d  through  the  vanes  cooling  holes 
affoctod  overall  vane  aerodynamic  performance,  Tho  effect  of  cooling 
flow  rate  and  diacha.vjj>»  hole  location  war®  hive  stlga  Lad  in  thin  program, 

3.  DESCRIPTION  OF  TEST  RIG 

The  vuno  cascade  test,  rig  la  shown  in  Figaro  S«58.  In  this  photo¬ 
graph  a  transparent  vane  pack  i«  shown  installed  in  the  rig  to  Illustrate 
tho  orientation  of  the  vanes  with  respect  to  the  main  air  supply  which 
enters  from  the  right.  Figure  H-59  ehowo  a  cloeeup  view  of  a  varus 
pack  with  cooling  air  plenum  chamber,  thermocouple o  and  pressure 
taps,  Tho  rig  instrumentation  included  cascade  inlet  total  temperature 
and  prooeuro  proboo,  inlet  static  proooura  t^ps,  an  exit  total  pressure 
traverse  probe,  ohU  static  taps  and  orifices  instrumentation  osiffictaiu 
to  calculate  mainstream  and  cooling  air  weight  flow,  A  echo  matin  dia¬ 
gram  of  the  rig  showing  inatntmeniation  location®  is  pi-tsflontad  in 
Figure  5-60. 
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2,  DESCRIPTION  OF  PARTS  TESTED 

JT4-elze  first-stage  turbine  vanoa  with  six  cooling  hole  configurations 
were  tooted  In  this  program.  The  airfoil  section  diagram  In  Figure  5-61 
flhowa  the  dimensions  of  the  holes  in  the  basic  vane.  Five  different 
permutations  war©  generated  from  this  basic  vane  by  plugging  the  ap¬ 
propriate  holes.  The  obeth  configuration  was  obtained  by  plugging  all 
the  holes  and  adding  holes  to  the  leading  edge  which  wore  left  open. 

The  six  configurations  are  summarized  below: 

Holes  open  in  the  pressure  surface,  suction  surfaco  upstream  of 
the  gaging  point,  and  suction  surface  downstream  of  the  gaging 
point  (i.  &.  oaa  Figures  5-62  and  5-63}. 

Holes  open  in  the  pressure  surface  and  in  the  suction  surface  up¬ 
stream  of  the  gaging  point  only. 

Moles  open  only  in  the  suction  surface  upstream  of  the  gaging 
pc  int. 

Holes  open  in  the  pressure  surface  only. 

MoIqjs  opor.  in  the  lauding  edge  only  (Figure  5-64), 

All  holes  plugged}  no  cooling 

Ona  sot  of  six  bladon  constituted  n  vane  cascade  teat  pack.  All  holes 
on  the  proosure  and  auction  surfaces  wora  rectnngulnr  slots}  the  holos 
on  the  leading  odgos  wore  all  round.  The  centerlines  of  nil  prosssure 
and  suction  surface  holes  are  at  n  3O-d0groo  angle  to  tho  airfoil  sur¬ 
face.  Tho  loading  edge  holes  are  inclined  at  a  45-degroc  angle  to  the 
vane  loading  edge, 

3,  METHOD  OF  TEST 

In  the  teat  program,  tho  six  vane?  packs  were  tected  over  a  range  of 
easendo  inlet  pressures  and  cooling  airflows,  With  each  of  tho  six 
vano  packs  the  cascade  inlol  pressure  was  varied  over  a  range  which, 
a«  found  from  the  recorded  data,  yielded  cascade  exit  Mach  numbers 
from  0,5  to  approximately  1.1,  At  each  cascade  inlet  pressure  on  tho 
five  vans  pucks  with  cooling  air  holos  open,  several  runs  were  made  at 
various  coollng-to- mainstream  pressure  ratios,  including  zero  (no 
cooling  air).  On  each  run  a  travorae  was  mode  at  the  caacada  exit. 
During  this  traverse  the  pressure  drop  across  tha  cascade  was  auto¬ 
matically  recorded.  From  this  data  tho  profile  loss  coefficient  (l-d>2) 
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was  computed  /or  each  run.  Tha  cooling  air  weight  flow  (Wc)  and  the 
mainstream  air  weight  flow  (Wv)  were  computed  from  orifice  data  and 
tlie  c&acaeUs  exit  Mach  number  (Mil)  was  also  calculated,  as  noted  above. 
For  a  a  eh  vane  pack  tha  profile  loss  coefficient  and  the  percent  cooling 
air  {100  Wc/Wv)  were  both  plotted  against  exit  Mach  number,  for  dif¬ 
ferent  ratios  of  cooling  total  pressure  to  mainstream  total  pressure. 

From  this  a  correlation  of  turbine  efficiency  with  percent  cooling  air 
was  derived.  This  same  correlation  was  also  obtained  for  turbine 
blades.  The  results  are  shown  in  section  G. 


G.  PERFORMANCE  TESTING  OF  FILM  COOLED  BLADES 


Performance  tests  wcv  conducted  on  film  cooled  blades  with  the  ob¬ 
jective  of  obtaining  quantitative  information  on  how  the  air  discharged 
through  the  film  cooling  holes  affected  turbine  aerodynamic  perform¬ 
ance,  This  series  of  tests  were  conducted  in  a  single-stage  rotating 
turbine  rig  and  wjvo  performed  at  the  Andrew  Willgooe  Turbine 
Laboratory, 
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1.  DESCRIPTION  OF  TEST  ZilG  n 

Tha  teat  rig  was  essentially  a  single-stage  turbine  utilizing  parte 
from  a  JT12  angina  which  lnd  bean  modified  for  cold  flow  turbine  test-  r? 

ing.  A  schematic  diagram  cf  the  overall  test  installation  is  shown  in  J, 

Figure  5-65.  The  turbine  was  supplied  with  high  pressure  air  at  ap¬ 
proximately  200  "F  from  the  laboratory  air  supply.  The  blade  cooling  i; 

air  wao  supplied  from  the  same  source  but  was  motored  and  controlled  Ji 

separately,  The  flowpath  of  the  main  and  cooling  airflow  through  the 
turbine  section  in  shown  in  the  diagram  In  Figure  5-66.  The  location  t ; 

of  the  instrumentation  ie  shown  in  Figure  3-67.  An  ovej’all  view  of  |l 

the  toot  installation  is  shown  in  Figure  3-68,  Turbine  ehaft  power 
woe  absorbed  by  two  eddy  currant  dynamometers  connected  in  tandem  j  ? 

and  located  upstream  of  the  rig,  I  j 


2.  DESCRIPTION  OF  PARTS  TESTED  !  ) 

Three  sets  of  film-coolod  blades  were  need  in  the  performance  toots  1/ 

under  tho  Phase  II B  contract.  An  airfoil  section  of  on©  blade  is  shown 
In  Figure  3-69.  This  oot  was  modified  in  stages,  by  plugging  tho  ap- 
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pr  opr  late  holes  with  silver  solder,  to  produce  the  four  cooling  hole 
configurations  listed  below; 

•  Holes  near  the  trailing  edge  in  the  suction  surface  plus  leading 
edge  slots  only  (Figure  5-70), 

«  Holes  near  the  trailing  edge  on  the  suction  surface  only 
(Figure  5-71). 

e  Holes  near  the  trailing  edge  on  the  pressure  surface  only 
(Figure  5-72). 

«  Leading  edge  slots  only  (Figure  5-73), 

The  holes  which  were  plugged  with  silver  solder  appear  white  in  the 
Figures  listed  above, 

A  second  set  of  blades  with  an  entirely  different  cooling  hole  arrange- 
ment  was  used  to  make  up  the  fifth  configuration  tested  during  this 
period,  These  blades  had  suction  and  pressure  surface  cooling  slots 
near  the  leading  and  trailing  edges,  This  configuration,  Bhown  in  the 
blade  section  diagram  in  Figure  5-74  and  Figure  5-75, 

Both  sets  of  blades  noted  above  ware  made  by  welding  closed  the  blade 
tip  slots  in  two  sets  of  pedestal-core  JT12  convectively  cooled  turbine 
blades  and  machining  the  various  holes  and  olots  through  the  airfoil 
into  the  existing  internal  cavity  using  the  electrical  discharge  ma¬ 
chining  process,  The  centerlines  of  all  holes  (including  Blots)  in  the 
pressure  (concave)  and  suction  (convex)  surfaces  were  in  planes  per¬ 
pendicular  to  the  turbine  radius.  However,  because  of  tho  twist  of 
the  blades  and  the  method  of  machining, the  cmalarlina-to-airfoil-tangonl 
angle  for  holes  near  the  trailing  edge  varied  from  approximately  15 

/A  flnitnnfl  *«iAA4*  ?»nni  in  A^k  #*1  A  (7 1*  f» /n  a  nPAT*  111  f*  H  Fj  fin  iVlfh  filiation 

and  45  degrees  near  the  root  to  15  degrees  near  the  tip  on  the  prousure 
surface,  A  somewhat  greater  variation  existed  for  the  leading  edge 
pressure  surface  and  suction  surface  slots, 

Tho  third  set  of  blades  had  no  cooling  holes  and  was  used  in  touts  to 
determine  seal  leakage  and  the  performance  losses  duo  to  leakage  air, 


3,  TEST  PROGRAM 

With  each  blade  configuration,  the  turbine  was  operated  at  expansion 
ratios  of  1,78:1  (design  pressure  ratio)  and  1 .  55:1,  These  pressure 
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ratios  were  set  by  adjusting  the  inlet  throttling  valve  in  the  main  air 
flow  duct.  Operation  was  at  the  design  rim  velocity  ratio  of  0,  43, 
which  was  maintained  by  varying  the  load  of  the  dynamometers. 
Secondary  airflow  {cooling  plus  leakage)  was  varied  from  zero  to  six 
percent  of  the  main  airflow  by  means  of  a  valve  in  the  secondary  line. 

In  order  to  determine  leakage  flow  rates,  tests  were  run  with  solid 
blades  installed.  Using  this  data,  secondary  flow  rates  wore  plotted 
as  a  function  of  the  static  pressure  drop  across  the  labyrinth  seal. 
The  results  of  this  leakage  flow  calibration  were  then  used  to  deter¬ 
mine  the  portions  of  the  secondary  flow  which  could  be  attributed  to 
leakage  and  to  blade  cooling. 


4,  TEST  RESULTS 


The  performance  loss  due  to  leakage  flow  only  is  plotted  in  Figure 
5-76  as  a  function  of  the  leakage  weight  flow  and  the  lose  due  to  cooling 
flow  only  is  plotted  in  Figure  5-77  as  a  function  of  cooling  weight  flow 
with  hole  configuration  as  the  parameter,  Since  the  change  In  turbine 
performance  due  to  both  cooling  and  leakage  flow  was  independent  of 
tho  turbine  expansion  ratio,  the  referenced  curves  do  not  distinguish 
between  the  data  taken  at  the  two  ratios  which  wore  used,  From  the 
curve  in  Figure  5-76  It  can  bo  seen  that  the  greater  tho  leakage  flow, 
tho  more  rapidly  tho  efficiency  looses  due  to  leakage  increased,  By 
comparing  solid  blade  tost  flow  data  with  cooled  blade  data,  as  indi¬ 
cated  above,  tho  cooling  flow  can  be  separated  from  the  leakage  flow. 


Tho  lose  in  efficiency  was  a  nearly  linear  function  of  cooling  airflow 
rate,  as  soon  in  Figure  5-77,  Tho  lowest  losses  occurred  with  the 
configuration  having  holes  near  tho  trailing  edge  on  tho  preuouro  sur¬ 
face  only,  Highest  losses  resulted  from  the  configuration  having  slots 
nn  both  surfaces  near  both  the  loading  and  trailing  edges  and  the 
configuration  having  leading  edge  slots  only.  Lower  losses  resulted 
from  the  use  of  holes  near  the  trailing  edge  on  tho  suction  surface  only, 


Figure  3-7Q  shows  thy  ratio  of  cooling  air  chamber  static  pressure  to 
turbino  inlet  total  pressure  required  to  produce  cooling  airflow  rates 
up  to  two  percent  for  each  cooling  hole  configuration.  For  smaller 
hole  nrer"*  it  was  necessary  to  have  a  pressure  ratio  ns  high  as  2,  Oil 
for  a  one  percent  flow.  This  relationship  shows  tho  advantage  of 
using  larger  coding  hole  areas  which  will  result  in  o  smaller  required 
pressure  ratio  for  the  cooling  flow  and  hence  lower  leakage  flow, 
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H.  LABORATORY  TESTING  OF  ADVANCED  VANE 
AND  BLADE  MATERIALS 


The  laboratory  program  to  teat  advanced  vane  and  blade  materials 
which  was  started  under  Phase  II-A  was  continued  and  expanded  under 
Phase  II-B,  The  goals  of  this  program  have  been  the  evaluation  of 
candidate  materials  and  manufacturing  processes  and  the  production 
of  design  data  for  application  to  the  SST  turbine  design.  To  this  end, 
numerous  laboratory  programs  were  conducted  to  investigate  the 
characteristics  of  various  high  temperature  materials  at  conditions 
simulating  operation  in  an  SST  powerplant.  These  programs  included 
long  terrrj  creep  teats,  cyclic  stress  rupture  teste,  low  cycle  fatigue 
tests,  and  creep  rupture  teats.  The  work  completed  on  each  of  those 
items  is  summarized  briefly  below; 

1.  CYCLIC  STRESS  RUPTURE  TESTS 


The  purpose  of  this  program  wa@  to  investigate  the  notch  sensitivity  of 
several  superalloys  when  subjected  to  the  combined  effects  of  stress 
rupture  and  fatigue,  This  typo  of  tooting  produces  time-strain  failures 
which  are  similar  to  those  which  may  be  experienced  during  engine 
operation,  The  rolative  notch  effect  produced  by  three  drilling  pro¬ 
cesses  was  examined  to  provide  deeign  data  applicable  to  film-cooled 
blades  and  vonoo, 

The  tests  wore  conducted  in  the  creep  machine  which  ie  shown  In  Fig¬ 
ure  5-79.  Thin  machine  was  capable  of  providing  automatic  cycling  of 
the  tensile  load  while  maintaining  the  test  temperatures  by  means  of  a 
wire  wound  electrical  furnace,  For  those  teats,  the  creep  machine 
was  programed  to  produce  a  cycle  consisting  of  thirty  minutes  at  full 
load  and  two  minutes  at  no  load. 


The  specimens  lined  for  these  tests  were  machined  from  cast  test  bare 
of  the  various  materials  being  investigated,  Before  machining,  those 
bars  were  examined  for  grain  size  and  poroeily  to  insure  that  the  ma¬ 
larial  mot  or  exceeded  the  minimum  specifications  of  the  PWA  accept¬ 
ance  tool,  The  teat  apecimona  were  1,690  inches  long  and  ,230  inches 
in  diameter.  Figure  3-80  allows  n  cross  auction  of  one  of  these  speci¬ 
mens,  The  /specimen  size  was  selected  to  provide  good  correlations 
with  blade  and  vane  leading  edge  oissa. 

Four  specimens  were  prepared  for  oach  of  the  candidate  drilling  pro¬ 
cessor/  along  with  four  smooth  specimens  of  each  alloy,  Five  holes 
,030  in.  in  diameter  were  drilled  in  those  apecimens,  The  specimens 
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were  then  given  the  same  coating  cycle  that  blades  of  similar  mate¬ 
rials  would  receive  in  production* 

PWA663  alloy  was  chosen  for  the  cyclic  stress  rupture  tests  during 
the  Phase  1I-B  contract.  Sufficient  stress  rupture  deta  has  been  ac¬ 
cumulated  for  this  material  under  previous  programs  to  establish  ex¬ 
pected  trends  in  the  time  and  temperature  range  of  interest.  During 
Phase  II-A  similar  testing  had  been  conducted  on  PWA659  and  FV.  A657 
alloys;  data  from  these  tests  was  compared  with  results  on  PWA663 
alloy  which  was  obtained  during  this  period. 

Two  methods  of  drilling  the  PWA663  specimens  were  investigated  dur¬ 
ing  this  period.  These  were  (a)  electro-chemical  mechanical  drilling 
and  (b)  ordinary  mechanical  drilling,  The  results  of  these  tests  and 
similar  testa  on  PWA659  and  PWA657  are  shown  in  Figure  5-92.  As 
shown  in  this  figure,  the  mechanically  drilled  specimens  showed  a 
slight  increase  in  life  in  the  low  cycle  range.  This  phenomenon  has 
been  observed  in  prevloue  stress  rupture  tests  of  similar  super  alloys. 

In  the  region,  however,  where  the  number  of  cycles  becomes  appreciable 
this  increase  in  strength  became  very  small.  With  the  electro-chemical 
drilled  specimens,  endurance  life  was  reduced  by  a  factor  of  almost 
ten,  A  similar  loss  In  life  was  observed  for  the  EDM  (electro  discharge 
machined)  specimens  of  PWA639  and  PWA657  tested  previously  as 
shown  in  Figure  5-01. 

The  cyclic  stress  rupture  tests  conducted  to  date  have  indicated  the 
following! 

»  The  cyclic  stress  rupture  strength  of  the  three  Bupcralloys  tested 
was  reduced  by  drilling  with  the  ECM  and  EDM  processes, 

*  The  cyclic  air 000  rupture  strength  of  these  materials  did  not  soom 
to  be  greatly  affected  by  mechanical  drilling, 

2.  LOW  CYCLE  FATIGUE  TESTING 

Pratt  &t  Whitney  Aircraft  has  developed  an  analytical  technique  for  pre¬ 
dicting  the  thermal  cyclic  life  of  turbine  blades  and  vanes,  The  accu¬ 
racy  of  thla  technique,  which  is  described  in  tho  design  section  of  this 
report,  1b  predicted  on  tho  availability  of  reliable  data  on  the  low 
cycle  fatigue  properties  of  tho  materiale  in  question.  One  method  of 
obtaining  accurate  data  in  to  conduct  LCF  tests  on  specimens  which 
simulate  the  suction  of  the  airfoil  for  which  the  fatigue  life  io  being 
predicted.  Thin  typo  of  tasting  results  In  the  generation  of  doaign 
data  for  configurations  as  well  ns  materials  and  lo  particularly  applic¬ 
able  to  film  cooled  airfoils  containing  holes  or  wide, 
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The  goal  of  the  program  conducted  during  this  report  period  was  to 
evaluate  the  effect  of  various  methods  of  drilling  holes  on  the  low  cycle 
fatigue  properties  of  various  blade  and  vane  materials.  The  tests  were 
conducted  on  a  hydraulicallynoperated  push-pull  testing  machine.  The 
specimen  loading  levels  was  selected  to  produce  pre-selected  maximum 
stresses  at  a  rate  of  24  cycles  per  minute.  Metal  temperatures  were 
maintained  at  1400  “F  throughout  the  tests  with  wire  heating  coils.  A 
typical  test  specimen  is  illustrated  in  Figure  5-82.  As  shown  in  this 
figure,  the  minimum  diameter  through  the  test  section  was  .  25  inches. 
Through  this  section,  three  ,  030  inch  holes  were  drilled  in  each  of 
four  specimens  using  the  drilling  methods  being  evaluated.  Following 
machining  and  drilling  operations,  each  specimen  was  given  the  same 
protective  coating  that  the  material  would  receive  in  a  production  com¬ 
ponent, 

During  Phase  Il-A  effort  some  low  cycle  fatigue  data  had  been  obtained 
on  PWA657  and  PWA659  alloys,  In  Phase  I.I-B  the  program  was  ex- 
pandfcd  to  include  PWA658  and  PWA663,  both  nickel  base  alloys.  Addi¬ 
tional  testa  were  also  run  on  PWA6b9  to  evaluate  the  effect  of  drilling 
methods  which  had  not  been  considered  during  Phase  II-A,  The  drill¬ 
ing  methods  evaluated  were  mechanical  drilling,  electro-chemical 
machining  and  electrical  discharge  machining.  Smooth  bars  were  also 
run  to  establish  a  basiB  for  comparison. 

The  results  of  these  tests  are  shown  in  curve  form  in  Figure  5-83  and 
in  tabular  form  in  Figure  5-84,  The  method  of  presenting  the  data 
shown  in  Figure  5-83  permits  an  accurate  comparison  of  specimen 
lives  at  various  stress  levels,  This  is  particularly  important  in  the 
comparing  cyclic,  stress  life  because  examination  of  the  raw  data  for 
various  stress  levels  cannot  show  the  expected  life-stress  relation¬ 
ship. 

The  trends  noted  in  these  teste  were  as  follows: 

•  In  the  1000  to  10,000  cycle  range,  PWA658  alloy  exhibits  a 
reduction  in  strength  when  drilled, 

«  In  the  1000  to  10,000  cycle  range  all  methods  of  drilling  produced 
about  the  same  reduction  in  the  strength  of  IN  100. 

«  In  the  10,000  to  50,000  cycle  range  PWA659  showed  a  lower  re¬ 
duction  in  life  due  to  drilling  than  PWA658  in  the  1000  -  10,000 
cycle  range. 
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3.  TESTING  TO  DETERMINE  THE  LONG  TERM  CREEP  PROPERTIES 
OF  PWA  657  COBALT  BASE  ALLOY 

Tests  were  conducted  to  determine  the  long  term  creep  properties  of 
PWA  657  cobalt  base  alloy  over  a  temperature  range  from  1400C>F  to 
1800°F.  All  specimens  were  tested  in  the  as-cast  condition.  Stress 
levels  for  this  program  were  selected  to  produce  an  elongation  of  one 
percent  after  approximately  1000  hours  of  testing.  The  results  are 
tabulated  in  Figure  5-85.  As  shown  in  this  table,  specimens  tested  at 
1500°F  and  1600°F  reached  the  desired  one  percent  elongation  earlier 
than  anticipated  while  specimens  tested  to  1400,  1700  and  1800°F 
reached  the  desired  elongation  at  approximately  the  time  predicted. 

The  predicted  stress  levels  were  based  on  limited  short  time  creep 
test  results  from  other  test  programs. 

After  completing  the  creep  tests,  the  specimens  were  subjected  to 
tensile  tests  to  determine  how  exposure  to  high  temperature  creep 
conditions  affected  room  temperature  tensile  properties.  In  general, 
the  results  (Fig.  5-85)  showed  a  decrease  in  tensile  properties  in¬ 
cluding  ultimate  strength,  0.  2%  yield  strength  and  .  020%  yield  strength 
with  increased  exposure  temperature.  All  specimens  exhibited  very 
low  tensile  ductility  with  less  than  one  percent  elongation  and  reduction 
in  area.  The  specimen  exposed  at  1500°F  showed  the  highest  ultimate 
strength  of  all  specimens  tested;  however,  this  specimen  was  exposed 
to  test  conditions  for  the  shortest  time. 

4.  CREEP  RUPTURE  TEST'  OF  PWA  658  NICKEL  BASE  ALLOY 

Creep  rupture  tests  were  conducted  on  specimens  of  PWA  658  nickel 
base  alloy  to  complement  previous  test  programs  conducted  to  deter¬ 
mine  the  elevated  temperature  creep  stability  of  turbine  blade  mate¬ 
rials.  The  tests  were  run  at  temperatures  of  1500,  1600,  and  1 700 °F 
with  stress  mvels  selected  to  produce  failures  in  500  to  1000  hours. 

All  specimens  were  coated  with  PWA-47L  (Jo  Coat)  and  were  aged  at 
1600“ F  for  twelve  hours  prior  to  test.  Duplicate  specimens  were  run 
at  each  set  of  test  conditions.  To  save  time,  if  one  of  the  specimens 
in  a  pair  attained  an  endurance  life  of  1000  hours,  testing  was  discon¬ 
tinued  on  the  other  specimen  as  s oc-  as  the  one  percent  creep  point 
was  reached.  In  all,  eighteen  specimens  were  tested.  The  test  results 
are  tabulated  in  Figure  5-86,  The  creep  and  rupture  data  showed  very 
little  scatter  and  the  results  were  in  generally  good  agreement  with 
data  obtained  in  previous  test  programs  as  indicated  in  Figures  5-87 
and  5-88. 
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S'.  COMBINED  STRESS  RUPTURE  FATIGUE  TESTS  ON  TURBINE 
BLADE  MATERIALS 

Tests  were  conducted  to  determine  the  stress  rupture  life  of  nickel- 
base  turbine  blade  materials  under  combined  steady  state  and  cyclic 
stresses  at  temperatures  consistent  with  the  anticipated  operating 
temperatures  of  the  SST  engine,  A  test  rig  was  used  which  super¬ 
imposed  a  reverse  bending  stress  and  a  steady  state  stress  simul¬ 
taneously  on  a  specimen  maintained  at  elevated  temperature  levels. 

In  this  program  smooth  specimens  of  PWA-659  and  PWA-663  mat¬ 
erials  which  had  been  Chromally  coated  and  aged  before  the  test  were 
tested  at  1700° F.  The  test  results  are  tabulated  in  Figure  5-89. 

Figure  5-90  shows  the  test  results  for  PWA-663  plotted  on  a  Goodman 
diagram. 

6.  STRAIN  CYCLE  FATIGUE  TESTS 

Strain  cycle  fatigue  tests  were  conducted  on  specimens  of  PWA-663, 
PWA-659  and  PWA-657  alloys  using  a  test  rig  which  was  essentially 
a  hydraulically  operated  device  for  the  axial  loading  of  hollow  cylindri¬ 
cal  specimens  between  the  desired  total  strain  limits.  The  strain 
rate  used  was  six  cycles  per  minute.  Testing  was  conducted  at  1300 °F, 
1700°F  and  2000°F  and  stress  levels  selected  to  produce  failures  in 
10  to  1000  test  cycles,  The  results  of  these  tests  are  tabulated  in  Fig¬ 
ure  5-91. 
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COOLING  EFFECTIVENESS  TEST  RESULTS  OBTAINED  IN  BASIC 
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Figure  5-5 
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COMPARISON  OF  MEASURED  TEMPERATURE  DISTRIBUTION  WITH 
ANALYTICALLY  PREDICTED  DATA  -  HIGH  TEMP. 

Figure  5-6 
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SCHEMATIC  DIAGRAM  OF  HEAT  TRANSFER  CASCADE  RIG 

Figure  5-12 


tA)rtf<an*Dto  ii  1  *nn  »ri(nv«t.» 

*!■>*»»  if 

ooo  0+  taajio 


PWA 


CS*J)!NIJSSnsi2NTIAL 


I. .  t 

Iff. 


CONFODBNTIAI. 

P R ATT  ■  WHITNEY  AIRCRAFT 


PWA-2600 


PRESSURE  DISTRIBUTION  VANE  if 2  USED  FOR  MEASURING 
AIRFOIL  PROFILES  IN  HIGH  PRESSURE  CASCADE  RIG 


Figure  5-14 


CONFIDENTIAL 
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GAS  STREAM  CONDITIONS 
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CREEP  AND  ROOM  TEMPERATURE  TENSILE  PROPERTIES  FOR 
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CREEP  RUPTURE  PROPERTIES  OF  CAST  FWA  658  NICKEL  BASE 
ALLOY  -  PWA  47  COATED  AND  AGED  AT  1600oF 
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AGED  AT  1600°F(12) 

Figure  5-88 
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Figure  5-90 


OOWOAAOtO  AT  3  VIA*  »<JIWVAl* 
DIClAMiIltO  A^TIA  H  VBAft* 

M»*  on  **0010 


CONPIS3ENT8AL 


coNPiommi. 

PRATT  A  WHITNEY  AIPCPAPT 


PWA -2600 


Total 

Alloy  Strain  {%) 


Temp. 

Grain  Size  (°F) 


PWA  663  1.49 

1.30 
0.  75 
0.  67 
0.  60 
0.  56 
0.55 
0.  54 
0.51 
2.30 
1.2  0 
0.  92 
0.  83 
0.  74 
0.  61 
0.  60 
0.58 

PWA  659  2.  28 

2.34 
1.  54 
1.  19 
1.  06 
0.  90 
0.  83 
0.51 

PWA  657  0.32 

0.36 

0.20 

PWA  657  0.  19 

PWA  663  2.06 

1.67 
1.40 
0.94 
0.93 
0.  84 
0.55 
0.  54 
0.54 


1/8"  -  1/4"  1300 

1/32  -  1/16 

1/ 8"  Nominal 

1/8"  Nominal  1300 

1/8"  Nominal  1300 

1/8"  -  1/4"  1700 


Cycles 
To  Failure 


7 
12 
107 
123 
1114 
848 
475 
3296 
3139 
1 
6 
25 
1 67 
272 
442 
1035 
1289 

1.5 

2.5 
6 

42 

110 

340 

1593 

1256 

9 

11 

2735 

3590 

8 

17 

28 

63 

108 

121 

2334 

629 

1008 
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PWA  -Z(  on 


lotal  Temp,  Cycles 

Alloy  Strain  (%)  Grain  Size  (°F)  To  Failure 


2,  06  1/32  -  1/16  6 

.1.68  20 

0.80  HO 

0.  67  1880 

0.  65  281 

0. 61  442 

0.56  807 

0.55  940 

PWA  659  2.  75  1/8"  Nominal  6 

1.98  13 

1.20  75 

0.84  282 

0.  66  592 

0.55  1205 

PWA  663  2.76  1/8"  -  '/4"  2000  12 

2.50  24 

1.91  33 

1.29  166 

0.66  550 

0.62  533 

0.  62  360 

0.49  872 

2.90  1/32"  -  1/16"  14 

2.11  29 

1.48  81 

1.42  101 

0.79  400 

0.61  409 

0.60  203 

0.46  1252 
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Figure  5-91  (Cont.  ) 
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ITEM  6  -  AUGMENTORS 
OBJECTIVE 

The  contractor  has  conducted  experimental  test¬ 
ing  of  the  augmentor  components  directed  toward 
verification  of  augmentor  performance  and  dura¬ 
bility.  The  goal  of  this  program  was  to  develop 
augmentation  system  having  a  high  combustion 
e'*ic‘.ency  at  SST  cruise  and  acceleration  condi¬ 
tions  . 


A.  AERODYNAMIC  FLAMEHOLDER  TESTS  IN  SMALL-SCALE 

DUCT  HEATER  RIGS 

1.  INTRODUCTION  AND  SUMMARY 

Testing  was  conducted  in  a  small-scale  duct  heater  rig  during  Phase  IIB 
to  continue  evaluation  of  the  fan  duct  burner  components.  Since  the 
original  high  performance  goals  have  been  demonstrated,  emphasis  dur¬ 
ing  this  phase  has  been  placed  on  determining  the  optimum  combination 
of  various  variables,  testing  alternative  hardware  arrangements  to 
achieve  better  durability,  and  providing  support  to  the  full-scale  rig 
program.  A  total  of  635  hours  of  testing  were  conducted. 

The  best  performance  obtained  to  date  was  obtained  during  Phase  IIA 
and  is  shown  in  Figure  6-1.  The  data  shown  was  obtained  at  simulated 
SST  flight  conditions  using  an  external -fuel  cross -jet  flameholder  sys¬ 
tem,  The  performance  shown  meets  the  performance  goals  for  the  STF219 
engine.  The  combustion  stability  of  the  system  is  shown  in  Figure 
6-2  and  the  cold  pressure  losses  are  shown  in  Figure  6-3,  Although 
the  rig  losses  are  relatively  high,  the  rig  and  flameholder  losses  (ex¬ 
cluding  diffuser  losses)  were  only  2  percent  with  the  maximum  bleed 
flow  (4  percent)  at  Mach  0.  15  and  were  1  percent  without  bleed  flow. 

The  test  program  during  Phase  IIB  was  conducted  in  a  12-inc.h  by  16- 
inch  simulated  altitude  rig  and  in  a  6,5-inch  by  8-inch  sea-level  rig. 
Combustion  testing  employed  the  burner  system  shown  in  Figures  6-4 
and  6-5. 

Testing  during  Phase  IIB  demonstrated  the  ignition  capabilities  of  the 
system  and  provided  data  for  evaluating  various  primary  fuel  system 
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parameters,  secondary  fuel  -system  spray  patterns,  the  effects  of  com¬ 
bustion  chamber  length  bleec.  low  and  flameholder  trailing  edge  geometry 
on  efficiency,  and  a  porous  cooling  liner.  Ignition  was  demonstrated 
at  fuel-to-air  ratios  well  below  0.  008,  whicn  is  specified  in  the  engine 
specification,  using  a  20-joule  spark  ignition  system.  A  4 -joule  sys¬ 
tem  also  gave  good  results.  Evaluation  of  the  primary  fuel  system  in¬ 
dicated  that  best  results  are  achieved  using  a  sprayring  located  upstream 
of  the  flameholder.  This  places  the  sprayring  in  the  cool  fan  air  and 
avoids  fuel  clogging  and  durability  problems.  Several  methods  for  du¬ 
plexing  the  primary  fuel  system  appear  to  be  satisfactory.  The  per¬ 
formance  of  the  secondary  fuel  system  was  found  to  be  quite  sensitive 
to  the  spray  pattern.  In  general,  best  results  were  obtained  by  using 
many  small  sources  located  to  spray  fuel  into  areas  not  covered  by  the 
primary  system.  Evaluation  of  the  effects  of  chamber  length  and  bleed 
flow  on  efficiency  revealed  that,  within  the  range  studied,  increasing 
the  chamber  length  by  one  inch  increases  the  combustion  efficiency  by 
0.  85  percent  and  that  increasing  the  bleed  flow  by  one  percent  increases 
the  efficiency  by  7  percent, 

2.  DETAILED  PROGRAM  DESCRIPTION 

a,  Ignition  Demonstrations 


Ignition  tests  were  conducted  with  a  20-joule  spark  source,  a  4-joule 
spark  source,  and  a  24-volt  glow  plug.  The  te_st  results  for  the  20- 
joule  spark  system  are  shown  in  Table  6-1  and  Figure  6-6.  Figure  6-6 
also  shows  the  results  for  the  4-joule  system.  As  shown,  the  20-joule 
system  provided  ignition  at  fuel-to-air  ratios  well  below  0.008,  the 
ratio  presently  planned  for  duct  heater  lighting.  The  4 -joule  system 
required  approximately  double  the  ratio  required  for  the  20- joule  sys¬ 
tem.  Reliable  ignition  could  not  be  obtained  with  the  glow  plug  system, 

b ,  Prim ary  Fuel  System 

The  primary  fuel  system  was  studied  to  determine  the  feasibility  of  us¬ 
ing  sprayrings  upstream  of  the  flameholders ,  the  feasibility  of  using  a 
duplex  fuel  supply  system,  and  the  effect  of  locating  the  sprayring  off  of 
the  flameholder  centerline. 
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TABLE  6-1 

Ignition  Characteristics  of  20-Joule  Spark  Ignition  System 


Flight 

Mach 

Number 

Altitude 

(feet) 

Inlot 

Temperature 

(°F) 

Minimum  Fuel  - 
Air  Ratio  for 
Ignition 

0 

0 

280 

0.  003 

0.  9 

36,089 

218 

0.  006 

2.0 

55, 000 

455 

0.  002 

3.  0 

65,000 

812 

0.  001 

Previous  testing  was  conducted  with  the  sprayring  downstream  of  the 
flameholder  and  injecting  fuel  upstream.  However,  temperature 
measurements  have  shown  that  the  temperature  at  the  trailing  edge  of 
the  flameholder  is  approximately  3000°F,  These  temperatures  could 
cause  durability  problems  and  might  also  cause  coking  and  cracking  of 
the  fuel.  Consequently,  it  is  desirable  to  move  the  sprayring  upstream 
of  the  flameholder  where  the  maximum  temperature  is  only  700°.F, 
providing  the  efficiency  penalty  is  not  excessive-.  Tests  were  conducted, 
therefore,,  with  the  sprayring  moved  upstream,  and  the  results  are  shown 
in  Figure  6-7.  The  efficiency  level  is  unchanged  and  is  some¬ 
what  less  sensitive  to  mixture  than  with  the  sprayring  downstream  of 
the  flameholder.  The  optimum  efficiency  is  obtained  with  a  richer  mix¬ 
ture  but  with  geometry  changes,  a  shift  of  the  optimum  point  to  a  leaner 
mixture  can  be  made.  It  therefore  appears  advantageous  to  locate  the 
spray  ring  upstream  of  the  flameholder  in  the  SST  engine. 

Because  of  the  large  range  of  airflows  and  fuel-to-air  ratios  required 
for  the  SST  engine,  it  will  be  necessary  to  use  at  least  a  three-stage 
fuel  system  if  present  pump  technology  is  to  be  used.  This  will  require 
the  primary  system  to  have  two  stages.  Testing  was  conducted  to 
determine  if  any  performance  penalty  would  result  from  the  use  of  a 
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duplex  primary  system,  and  the  results  indicated  that  no  penalty  was 
incurred.  It  is  expected  that  a  two-stage  secondary  system  would  also 
function  without  a  performance  penalty. 

A  series  of  tests  was  conducted  to  determine  the  effect  of  off-setting  the 
primary  fuel  system  from  the  jet  flameholder.  The  results  of  these 
tests  are  shown  in  Figure  6-8.  It  was  found  that  no  performance  penalty 
results  from  the  degree  of  misalignment  anticipated  as  a  consequence 
of  differential  thermal  expansion.  In  fact,  it  appears  that  an  actual 
improvement  results  from  slightly  off-setting  the  spj  ayring  from  the 
flameholder  centerline,  although  misalignment  by  mo  ■ e  than  about  3/8 
inch  causes  instable  combustion  and  significantly  narrows  the  combus¬ 
tion  limits. 

c.  Secondary  Fuel  System  -  Flow  Patterns 


During  acceleration,  efficient  combustion  is  required  with  high  fuel-to- 
air  ratios.  Good  performance  has  been  obtained  for  fuel  -to-air  ratios 
up  to  0.06,  but  the  secondary  system  should  provide  operation  with 
ratios  up  to  0.08,  and  consequently  a  number  of  secondary  spray  bar 
patterns  were  tested  (see  Figure  6-9).  For  all  these  tests,  the  gap 
between  the  splash  plate  and  the  fuel  nozzle  was  1/2  inch  in  order  to 
eliminate  the  effect  of  fuel  penetration.  The  primary  fuel-to-air  ratio 
v;  is  set  at  0.  019  on  the  basis  of  previous  testing  which  has  indicated 
that  the  primary  mixture  should  be  slightly  leaner  than  that  which  pro¬ 
vides  optimum  primary  efficiency  if  the  over-all  efficiency  is  to  be  optimum, 
The  actual  mixture  used  is  dependent  upon  the  location  and  fuel  distri¬ 
bution  pattern  of  the  secondary  fuel  system. 

Placing  the  secondary  system  in  line  with  the  primary  system  resulted 
in  performance  and  range  of  operation  similar  to  that  obtained  with 
only  the  primary  system  operating,  as  expected. 

The  results  of  injecting  the  secondary  fuel  into  areas  not  covered  by  the 
primary  system  are  shown  in  Figure  6-10.  As  shown,  subtle  changes 
in  the  spray  pattern  can  cause  very  large  changes  in  the  performance. 

Figure  6-11  shows  the  performance  obtained  with  the  addition  of  sec¬ 
ondary  fuel  in  the  region  of  primary  fuel  injection  as  well  as  providing 
uniform  fuel  coverage  over  the  entire  crossjet  flameholder.  As  shown, 
the  performance  is  improved  by  this  method,  although  care  must  be 
taken  not  to  add  too  much  fuel  to  the  primary  region. 
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The  effect  of  mixing  length  is  shown  in  Figure  6-12.  For  all  lengths 
tested,  the  performance  was  about  the  3ame,  but  the  ope  rati- g  range 
was  greater  for  the  test  with  shorter  mixing  lengths. 

Fuel  atomization  is  a  function  of  the  width  of  the  splash  plate  gap  used, 
and,  therefore,  three  gap  widths  were  tested.  The  results  are  shown 
in  Figure  6-13.  Increasing  the  gap  width  from  1/4  inch  to  3/4  inch 
caused  a  slight  performance  improvement.  However,  with  a  3/4-inch 
width,  some  of  the  fuel  missed  the  splash  plate,  resulting  in  a  greater 
spread  of  fuel  than  desired  and  one  which  might  cause  engine  burn-out. 
Consequently,  a  one-half-inch  gap  width  is  recommended. 

d.  Effect  of  Combustion  Chamber  Length 

A  series  of  tests  was  performed  to  determine  the  effect  of  combustion 
chamber  length  on  combustion  performance.  All  tests  were  performed 
using  primary  fuel  injection  only.  The  results  of  these  tests  are  shown 
in  Figure  6-14.  For  the  test  conditions  used,  it  was  found  that  the 
efficiency  decreased  by  0.  85  percentage  point  for  each  inch  of  combus¬ 
tion  chamber  length  reduction.  However,  this  relationship  is  dependent 
on  the  over -all  efficiency  level,  which  for  these  tests  was  intentionally 
lowered  to  make  the  effect  more  pronounced.  The  relationship  is  also 
dependent  on  the  inlet  temperature  and  the  duct  Mach  number. 

e.  Effect  of  Bleed  Flow  Rate 

The  bleed  flow  required  for  the  jet  flameholder  imposes  a  performance 
penalty  on  the  turbofan  engine  cycle,  and,  therefore,  it  is  desirable  to 
reduce  the  bleed  flow  as  much  as  possible  without  incurring  an  exces¬ 
sive  flameholder  efficiency  loss.  Two  approaches  were  tested.  For 
the  first,  the  pressure  ratio  was  reduced,  and,  for  the  second,  the 
hole  area  was  reduced  without  changing  the  pressure  ratio.  As  shown 
in  Figures  6-15  and  6-16,  a  one-percent  reduction  in  bleed  flow  caused 
a  maximum  efficiency  loss  of  approximately  7  percent. 

Alternate  approaches  which  combine  the  use  of  non-aerodynamic  and 
aerodynamic  flameholders  were  attempted.  Generally  using  a  combin¬ 
ation  of  aerodynamic  and  non-aerodynamic  flameholders  results  in  higher 
cold  pressure  losses  but  lower  bleed  flow.  A  single -bar  jet  flame¬ 
holder  perpendicular  to  a  conventional  vee-gutter  was  tested  (see  Fig¬ 
ure  6-17).  The  results  were  encouraging.  As  shown  in  Figure  6-18, 
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the  performance  was  7  percent  better  than  the  base  line  with  operation 
with  the  same  bleed  flow.  However,  the  system  had  1/3  higher  cold 
pressure  losses. 

f.  Testing  of  Porous  Cooling  Liner 

A  porous  cooling  liner  was  constructed  from  0,  120,  and  230  SCFM 
N-155  stock  and  instrumented  for  testing.  The  liner  construction  is 
shown  in  Figure  6-19,  and  the  fuel  system  and  jet  flameholder  used  for 
testing  the  liner  are  shown  in  Figure  6-20.  Some  testing  was  conducted 
but  sufficient  data  was  not  obtained  to  permit  a  cooling  correlation  to 
be  made. 

g.  Effect  of  Flameholder  Trailing  Edge  Geometry 

Water  table  tests  were  conducted  to  determine  the  flow  around  the  jet 
flameholder.  The  tests  were  conducted  in  the  water  table  shown  on 
Figure  6-21,  and  the  results  are  shown  in  Figure  6-22.  These  results 
indicated  a  high-velocity  reverse  flow  directly  behind  the  ilameholder, 
and,  therefore,  a  series  of  tests  was  conducted  to  determine  the  effect 
of  this  flow  on  the  flameholder  performance.  The  tests  were  conducted 
with  flameholders  with  scooped  trailing  edges  to  favor  the  high  velocity 
flow  and  with  flameholders  with  extended  trailing  edges  to  reduce  the  re¬ 
verse  flow.  The  results  obtained  are  shown  in  Figure  6-23  together 
with  those  for  a  conventional  flameholder.  As  shown,  changing  the 
trailing  edge  had  little  effect  on  the  combustion  limits  and  efficiency. 
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B.  RAM  INDUCTION  BURNER  TESTS 
IN  SMAJLU-SCALE  DUCT  HEATER  RIGS 

1.  INTRODUCTION 

As  an  alternative  to  the  jet  flameholder  system,  a  low  pressure  loss 
can-type  burner  which  used  ram  induction  for  air  admission  was  studied. 
During  Phase  IIA,  several  models  of  the  burner  were  built  and  tested. 
The  last  of  the  series  (Model  E)  provided  excellent  performance  at  simu- 
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iated  sea-levef  take-off  and  cruise  conditions,  but  the  blow-out  character¬ 
istics  at  the  low  pressures  and  temperatures  Associated  with  transonic 
flight  were  poor.  During  Phase  IIB ,  effort?  vere  made  to  improve  the 
blow-out  characteristics. 

2.  PHASE  IIB  PROGRAM  SUMMARY 

Initially,  efforts  to  improve  the  blow-out  characteristics  of  the  ram- 
induction  burner  were  concentrated  on  the  Model  E  burner  (see  Figure 
6-24).  Several  modifications  were  made  and  a  substantial  improvement 
in  the  rich  operating  range  at  Mach  0.12  w as  achieved  as  shown  in  Figure 
6-25.  However,  the  operating  capability  deteriorated  rapidly  with  in¬ 
creasing  Mach  number  as  shown  in  Figure  6-26.  In  addition,  the  modifi¬ 
cations  caused  a  pronounced  reduction  in  combustion  efficiency  at  high 
pressure  conditions.  Whereas  the  original  Model  E  burner  demonstrated 
combustion  efficiencies  between  95  and  99  percent  with  high  inlet  pressures, 
the  modified  Model  E  burner  demonstrated  an  efficiency  of  only  85  percent 
at  these  conditions. 

Consequently,  analytical  studies  of  the  various  burners  developed  during 
the  program  were  conducted.  These  studies  indicated  that  the  Model  D 
burner  would  have  the  best  blow-out  characteristics  of  the  burners  developed 
because  of  its  larger  radial  height,  its  lower  flow  velocity,  and  its  provision 
for  gradual  air  admission  along  the  length  of  the  burner.  The  use  of  gradual 
air  admission  in  the  Model  D  burner  eliminates  the  larger  step  changes  in 
fuel-to-air  ratio  produced  in  the  Model  E  burner,  The  Model  D  burner  io 
shown  in  Figure  6-27, 

Testing  confirmed  that  tho  Model  D  burner  did  have  considerably  better 
blow-out  characteristics  than  the  Model  E  burner  (see  Figure  6-20).  To 
extend  the  blow-out  limits,  a  secondary  zone  of  fuel  injection  w  is  added 
by  installing  splash  plate  injectors  in  front  of  tho  Becond  row  of  primary 
scoops.  The  improvement  achiovod  is  shown  in  Figure  6-28.  With  threw 
zones,  combustion  was  achieved  with  fuel-to-alr  ratios  of  0.06,  and  It 
l»  believed  that  combustion  with  higher  ratios  can  be  achieved  through 
optimization  of  the  fuel-to-air  ratios  used  in  zones  )  and  2, 

The  Moclol  D  burner  was  superseded  by  the  Model  E  burner  in  0,  0*1  t,i 
achieve  a  higher  cruise  efficiency,  und,  evon  at  the  low  pioasuitt  as¬ 
sociated  with  transonic  flight,  the  peak  efficiency  of  the  Model  IS  hirner 
is  higher  than  that  of  the  Model  D  burner.  Consequently,  Ihe  airflow 
through  the  Modal  D  burner  was  tncreuaed  from  4.  3  par  cent  to  8  portent 
by  replacing  llte  original  s  wirier  a  with  toroidal  swirlero.  The  result 
was  an  efficiency  improvement  of  uljout  12  pejcenl  an  shown  in  Figure 
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6-29.  In  addition,  the  blow-out  limita  were  increased  both  for  /.ono  1 
and  for  combined  zone  1  and  zone  2  operation.  The  improvement  woe 
the  result  of  the  better  mixing  provided  by  the  toroidal-typo  swirler, 
permitting  the  use  of  a  higher  fuel-to-aiv  ratio  in  zone  1 . 

Two  additional  modifications  were  considered.  The  first  of  these  would 
be  the  replacement  of  the  zone  2  spray  bar  arrangement  with  n  I -inch 
diameter,  3-inch  long  tube  attached  to  a  conventional  swirler  and 
tending  downstream  into  the  burner,  Thio  arrangement  injects  fuel  into 
the  center  of  the  burner  and  provides  some  vaporization  of  the  fuel  a  a 
it  passes  down  the  tubs.  Ths  uoeond  modification  would  completely  re¬ 
vise  the  secondary  scoop  section  to  incorporate  external  scoops  with  zone 
3  spray  bars.  This  arrangement  would  raise  Hie  fuel-io-air  ratio  at 
which  ths  peak  efficiency  occurs. 


C.  FULL  SCALE  DUCT  HEATER  RIO 


1.  INTRODUCTION 


The  emall-ocflly ,  two-dimensional  rig  program  must  be  supplemented 
by  full- scale ,  throe -dimensional  testing  in  a  raailstifi  lent  environment. 
This  ley  tins  could  be  conducted  on  an  at-iuol  engine*  byt  M  may  bn  mm-  >» 
easily  ari  economically  conducted  on  a  fuil-Bislo  teal  rig,  The  use  of 
a  rig  pr  widen  accurate  performance  data  earlier  in  the  program  and 
bona/tlo  the  design  systems  studied  tint!  cycle  studies, 


2.  TEST  RESULTS 

During  the  report  period,  a  fiery  rrca*  jot  finmeholder  was  tested  (see 
Figure  6-30),  Fuel  was  inJuuUd  upolream  from  primary  sprayrlnge 
located  tvvo  indies  dawnHlFfiira  of  tbs  flsmeholdiPF ,  Tl.p  injection  hole 
patterns  for  both  the  jet  flameliotder  air  mid  the  primel  y  fuel  were 
hutted  on  Iwmdlmonalrino!  tost  results,  The  pattern  used  provided  holes 
grouped  tn  poddies  to  ensure  good  stability  with  low  fuuL|y  =  uli  laiioe. 
The  groups  of  holes  in  the  primary  spray lings  ware  aligned  with  the 
groups  In  the  flariielmlder.  The  (lamvhoider  levied  had  eight  t  ad  la  I 
members  clrcumfor  oollulty  suparatad  by  aboul  AA  Inches. 
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A  total  of  102  hours  of  tasting  wno  conducted,  in  go nornl,  the  results 
indicated  steady  progress  Is  being  mode  toward  the  duGt  heater  goals. 
At  s  simulated  cruise  condition,  an  efficiency  of  91  percent  has  been 
clemonetratad. 


Performance  testing  was  conducted  with  primary  fuel  alone  and  with 
both  primary  and  secondary  fuel,  Prossers  losses  wore  measured  and 
llie  combustion  stability  over  a  range  of  fuoi-lo«alr  ratios  was  observed, 
The  affect  of  bleed  flow  rate  and  bleed  temperature  were  also  deter* 
mined, 

fi)  Testing  with  ;*rimary  Fuel  Only 

The  key  to  the  development  of  g  high  performance  duct  heater  system 
utilising  a  jet  flarnehoider  is  stable,  efficient  operation  o i  the  jet 
fUmeholdtir  with  o tu/  primary  fuel  Injection,  Lonsequenlly,  initial 
lasting  was  eundiiuted  without  aocondary  fuel  injection, 

Promising  results  were  obtained  with  an  Inlet  temperature  of  600 ‘F, 
an  inlet  total  pressure  of  36  tn  HgA,  5,  S  percent  bleed  flow,  and  a  jot 
flameholdar  pressure  ratio  of  2.0,  At  these  conditions,  tlm  efficiency 
was  VJ  percent,  The  complete  results  are  shown  In  Figure  6  31,  As 
niiown,  the  efficiency  obtained  with  an  inlet  temperature  of  oOO'F  is 
comparable  to  that  obtained  during  the  previous  test  program  with  annular 
ring  Jet  flame-hoidoi's,  indieating  tbji  the  parlor  ms  nc  a  at  aith-da 
ucjiullijono  is  satisfactory, 

(2)  Testing  with  Beyond  ary  Fun)  Injection 

Hrrifll!* stale  rig  testing  has  indlcalfd  i liai  ernuli  chsngas  to  the  secondary 
fuel  injection  system  tan  causa  large  changes  In  performsllt  t>,  However, 
all  tasting  during  this  period  with  secondary  fuel  injection  used  a  basic 
secondary  fuel  pattern  produced  by  four  sprayrlnge  iocalod  approximately 
U  Incites  Upstream  of  the  Jet  fUitti’liuldur,  Fuel  injection  was  normal 
to  (he  stream  flow  and  no  splash  plates  were  used  go  that  tile  hole  pattern 
could  be  changed  more  easily, 

i it**  efficiency  levels  ohiainso  are  shown  in  Figure  6-  Hi,  Although 
these  results  indicate  that  the  efficiency  attained  with  primary  fuel  im 
Jb!  Hon  can  also  he  attained  with  primary  and  secondary  fuel  injection, 

«  unlisfar  lory  se<  midai  y  inje*  1 1 << ri  pattern  has  not  yet  been  tested  lit 
the  fulUseslu  rtg,  ft  whnoid  he  ncl'd,  huwnytr,  that  the  results  of 
small  -  sc  ale  testing  could  not  he  fully  utiliaed  during  this  t  sport  period 
but  rttlse  rtf  die  Ipod  time  I  e«pil  l  <o|  ( •  >  pi  m  s  full  m.  n|b  rtg  hardware. 
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Tho  tael  I'PBultn  indicate  that  tho  primary  fuel-to-uir  ratio  should  be 
kept  relatively  lean  because  tho  secondary  fuel  enriches  tho  primary 
zone,  and,  ah  secondary  fuel  is  added,  the  efficiency  doeroaoefl  until 
tho  secondary  flow  renchofl  a  flammable  level,  Without  secondary  fuel 
injection,  the  primary  fuel-to-alr  ratio  should  be  kepi  at  a  maximum, 

(3)  ProsHure  Loss 

The  cold  pressure  lasses  of  the  rig  were  measured  to  determine  if 
additional  leases  war®  Introduced  by  lisa  modifications  made  to  the 
sprayi'lng  and  ilia  jet  fin  me  hoi  da  ,*  to  increase  durability,  The  repiills 
(see  Figure  6"33)  indicate  that  no  elgnlfleartt  changes  resulted, 

(4)  SU&bUfty 

T,te  combustion  stability  waa  monitored  throughout  the  test  progi  am, 
r'1  * n» Lability  was  observed  for  any  inlet  temperature  or  pressure  with 
f>!  1-tu-flir  ratine  between  0,007  and  0.0S, 

((S'  Effect  of  Filsed  Flow 

The  effect  of  bleed  flow  on  the  duct  heater  efficiency  wan  av  dueled  by 
varying  Che  bleed  flow  from  l.tt  In  ^  pereenl  of  I  Ik  dm  l  flow,  The  flow 
was  varied  by  varying  (he  injection  arse  while  maintaining  a  constant 
pressure  ratio  of  I,  n  ITe  reoultu,  shown  in  Figure  6-34,  indicate 
that  increaeina  tho  !  ^«d  flow  improves  the  perfornomuM,  but  not  to 
the  ejtliiii  found  during  small  •  scale  rig  tooling, 

(6)  rcffefii  of  flleed  Flow  fomporatuio 

Testa  were  conducted  with  bleed  I w  al  tompaiatui  os  of  600*p!  and 
|400*F  to  determine  If  Ilia  temperature  Pfscled  the  pOffOrmanfe,  T'lia 
perfonnimca  Was  unaffected  by  the  bleed  lemparatura,  Tlmao  results 
are  In  Ogreefnent  with  previous  results, 

(7)  notripa  rison  With  Small <=  Scolo  ntg  hssuils 

A  It  hough  a  M  a  c  (  culitpu  f  isuhs  cftlWioi  be  iMiiiie  hoiwoGit  Uie  to  unlit,  ,,f  niiioli 
Hi  iv  1 14  a  lit)  full-scale  rly  testing  liBcause  of  diffurlng  tn«i  •  •  mdii  mim  il  u 
apparent  I  mni  Figure  6rtfi  ihsl  u  i  uus<iimhl«  i  re  l«i  i>mi  hue  ‘ ,  o  m  i  •  iib 
tnl  rtml  Considering  that  the  pi  og  i  n  m  is  suit  in  (be  emly  mi,,  j*«s.  cnit- 
s  I  tie  r  a  hie  promt  se  hn  l ,  n|ir.i  vookimi  i  •«  i  ho  full  stain  tig  i  ,ie  .m  •>  i »  of 
small  scale  testing  is  iniih  aiml 
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3,  DESCRIPTION  OF  RIG  AND  TEST  STAND 
a.  Hig 

The  full-flcale  duet  heater  rig  was  designed  to  nimulatc  an  annular  duct 
heater  combuntion  ayatem  typical  of  that  uacci  in  a  iurbofnn  engine  for 
the  auporflonic  transport.  It  is  approximately  the  same  size  and  has  the 
sarno  geometry  and  airflow  capacity  a«  the  actual  duct  heater  combustion 
uyatom,  and  all  ducting  upstream  of  the  exit  nozzle  is  air  cooi  <.:  so  that, 
actual  engim!  conditions  are  einiulotod.  Wator  cooling  in  ueod  down¬ 
stream  of  the  exit  nozzle  to  facilitate  tasting  at  the  high  exit  tempera¬ 
ture  (3 1 00 a IT)  required,  The  rig  is  18  feet  long  and  Into  a  maximum 
diameter  of  70  inches,  'Iho  rig  is  shown  in  Figure  6 -IWi. 

Although  provisions  w«  made  far  testing  with  Inlet  diffusers  which 
accurately  simulate  actual,  engine  diffusers,  initial  testing  was  con* 
ducted  witli  a  long  diffuser  with  a  small  wall  angle  to  provide  as  uni* 
form  a  flow  profile  as  possible,  Uniform  flow  ft  required  during  r-arly 
testing  so  Lhftl  combustor  problem s  can  he  isolated  and  corr&ctad, 

A  preliminary  design  of  a  full-scale  offset  diffuser  has  bnon  made  on 
the  basis  of  the  most  recent  Information.  This  diffuser  won  not  built 
find  lusted,  however,  because  the  fabrics, tionlwacl  time  exceeded  Die 
length  of  Phase  1213 ,  The  rig  lifts  a  fixed  mount  ,,.idnt  at  the  upstream 
and  of  the  diffuser,  and  the  support  struts  also  feud  and  drain  the 
water-cooled  sections  of  the  inner  body,  Tubes  through  which  Die 
inner -body  Instrumentation  linns  are  led  are  also  located  In  this  region. 
Ai  the  downstream  and  of  the  diffuser  are  hoaseti  for  inlet  temperature 
nnd  pressure  rakes  (bub  Figure  6-3'/),  Tl;a  primary  end  secondary 
fuel  systems  n>'«  housed  in  a  short  section  which  is  accessible  so  Dial 
Die  fuel  sysiem  Components  being  tested  can  be  < hanged  readily.  Extra 
hoaxes  in  this  section  permit  the  Installation  of  up  to  4  secondary 
spi  ayrlngs  and  up  to  16  Jet  flarnu!', older  alarneiits,  Hydrogen- oxygen 
ignition  loroltoo  are  also  provided  in  this  area,  The  cooling  liner  Is 
extended  downstr earn  with  fuel  baffles  to  a  paint  upstream  of  the 
«ur  nndsry  fuel  s  pray  rings  (o  pt  event  combustion  adjacent  to  the  inner 
mid  oulep  duct  walls  and  to  pick  up  fuel -free  coaling  air.  The  fuel 
injection  eystin.  is  shewn  in  Figures  6-38  and  6=>39, 

CJombusllon  ODcnre  in  an  annular  combustion  chamber  which  bus  a 
loifli  length  of  7fl  imltes  from  the  Jet  fUmuhrdder  to  ihe  exit  mmnlo 
throat,  Porous  Looting  liners  tilt  lair*  hot))  tho  Inner  end  ouler  wall  a 
and  provide  li inspiration  cooling.  Extensive  lustru»  nlatiun  is  Used 
to  moa an l  e  and  record  the  t  otdinj  sir  flow  rate  and  ,i,e  Hemps  returns 
and  pressures  of  the  rig  stro  lure. 

I'  ixed  nru«  exit  nnMies  are  used  to  provide  uhnufalion  of  various 
sellings  of  a  va  1 1 uhlo  -  dine  exit  noB»|e,  Typical  aooo/er.jdlon  and 
cruiso  i  t.ndllions  arc  simulated  with  nottnl.ioi  that  have  areas  of  'll  |  mnl 
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6,3b  square  feet,  respectively.  As  in  the  actual  powerplant,  all  con¬ 
vergence  occurs  in  the  outer  duct  wall  with  the  variation  in  area  re¬ 
sulting  from  varying  the  convergence  angle,  A  diverging  section  ex¬ 
tends  downstream  from  the  nozzle  throat  to  the  rear  support  section. 
The  nozzles  used  for  performance  testing  are  water  cooled  over  the 
converging  section,  but  alternate  air-cooled  nozzles  arc  also  available. 
The  divering  section  is  water  cooled  in  ail  cases,  Slxtasn  bosses  for 
the  installation  of  water-cooled  exit  total  pressure  rakes  are  installed 
at  the  exit  nozzle  throat.  The  design  of  a  variable-area  exit  nozzle 
has  boon  completed, 

The  rig  connects  to  the  test  stand  exhaust  ducting  through  a  water- 
cooled  rear  support  with  a  slip  joint  to  permit  thermal  expansion, 

Extensive  instrumentation  Is  Installed  to  provide  a  maximum  amount 
of  information  on  each  run  including,  combustion  performance  (exit 
tomperatura  and  efficiency),  pressure  loss,  cooling,  and  structural 
durability, 

b.  Test  Stand 

The  rig  was  texted  in  X-207  stand  at  the  Pratt  &i  Whitney  Aircraft 
Andrew  Wlllgoos  Laboratory.  Thlti  aland  hat?  the  capacity  for  high 
air  flow  at  a  range  of  pressure  Uvele  which  provide  simulation  for 
most  88 T  flight  condition#, 

All  testing  pariormed  during  the  early  portions  of  Phase  IJJ3  were 
conducted  at  ambient  inlet  conditions  (a  temperature  of  about  130*  F) 
which  aye  mors  titringaut  limn  the  56  T  duct  healer  Inlet  temperature* 
requirements,  Later,  however,  the  stand  was  connected  In  the  heat 
exchanger  units  available  at  the  Willgoos  Laboratory,  These  ex» 
chnng em  are  capable  of  heating  the  test  stand  air  to  700*Jf  without 
vitiation,  Final  testing,  'herofure,  was  conducted  with  the  inlet  air 
heated  to  temperatures  up  to  600 “F, 


A  separrle  high-pressure  air  line  provides  secondary  air  to  the  jut 
fhuneholder a  at  pressure  ratios  between  1,3  and  3,0  in  sufficient 
quantities  to  simulate  compressor  bleed  at  600  “l'1  or  turbine  bleed  ut 
temperatures  from  1200  to  |dO0nF', 

Three  fuel  systems  provide  fu^J  for  tor  duct  healer  primary  and 
secondary  systems  and  for  the  burner  which  hunts  the  jet  flnmtdiuhla  i- 
all  ,  The  system  supplying  the  primary  dm  t  healer  burner  provides 
flow  rates  from  2,000  to  67,000  pph,  while  the  ays'em  for  the  sec¬ 
ondary  Inu  ner  provides  flow  rates  from  2,700  to  7U,0U0  pph,  I  ho 
f  lampholder  all  healer  Is  sup  plied  with  fuel  ut  ru'es  up  to  ‘>00  pph, 
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4.  PROCEDURE 


For  a  typical  performance  run,  the  deuirud  operating  conditions  are 
established,  the  duct  heater  is  ignited,  and  the  desired  jet  flamehclder 
air  flow  and  fuel  flow  are  set.  The  rig  is  then  permitted  to  run  for  a 
sufficient  time  for  conditions  to  stabilize,  after  which  the  data  is  token. 
The  next  operating  point  is  established  by  changing  the  fuel  flow, 
thereby  changing  the  fuel-to-air  ratio.  Usually  data  at  6  to  ft  per¬ 
formance  points  is  obtained  {  tring  a  run. 


A  large  quantity  of  data  is  taken  at  each  point  ho  that  the  performance 
and  eooiing  can  be  accurately  determined,  Mainstream  and  jet  flame- 
holder  air  flew  are  calculated  from  m<  anand  pressure,  pressure  drop, 
and  temperature  across  standard  orifices,  Fuel  flows  for  the  three 
systems  are  measured  by  turbine  meters  and  read  on  electronic 
counters,  Pressures  are  measured  with  standard  manometers,  In¬ 
cluded  are  exit  total  pressure,  diffuser  total  pressure  immediately  up¬ 
stream  of  the  flfimtiholder  section,  several  combustion  chamber 
pressures,  and  pressures  in  the  coolant  air  passages.  Four  pressure 
rakes,  each  with  eleven  equally  spaced  pickups,  are  used  at  the  rig 
exit  lo  provide  data  for  calculating  the  axil  temperature,  Twelve  pick¬ 
ups  are  used  at  the  diffuser  axil  lo  provide  data  for  calculating  pressure 

losses, 


Temperatures  are  measured  with  chrome-glumel  thermocouples, 
Temperatures  are  measured  at  the  duel  inlet  and  on  the  inner  and  outer 
liners  and  Walla,  The  lemperatur os  of  the  fuel  and  of  Hie  fuel-air 


mixture  supplied  to  lt,u  lirtoieholder  ot-t,  ,iln,,  rouenur ed# 


Since  a  choked,  fixed-area,  exit  nozzle  In  used,  the  inlet  Mach  number 
will  decrease  as  Ilia  exit  temperature  is  Increased,  For  preliminary 
testing,  however,  the  inability  lo  maintain  a  specific  Much  number  is 
not  a  rorimiB  dlaadvanlaga,  and  a  variable-area  nuzzle  jia.i  been 
designed  for  use  during  future  testing, 


CONC  FUSION#  AMD  KfcCOMMl!  Ml  lATIOMS 

'1  o« ting  during  1  dinse  lilt  has  confirmed  the  nitreaslly  of  full-scale  rig 
testing  to  verify  small-scale  rig  reuiills  before  engine  testing  ia  begun, 

I  ho  program  lo  date  has  verified  the  feasihthty  of  due!  heater  aug¬ 
mentation, 

(■■nniile  irilil,  additional  full-stale  rig  testing  la  i  eroinmended,  M<>  v<>  r  a  I 
promising  <  nnMgurnlluiin  tested  in  the  small  -  si  ale  rig  which  provided 
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better  performance  or  greater  simplicity  should  be  tested,  and 
develop) K- nt  testing  is  required  to  determine  a  fully  compatible  primary 
and  uevnndary  fuel  system.  In  addition,  the  effects  of  an  off-set 
t,\iib\n.nr  need  to  be  determined  and  an  air-cooled,  variable-area  exit 
no should  be  tested.  It  is  recommended  further  that  the  full-scale 
rxg  he  updated  to  the  latest  engine  design  and  used  to  supplement  the 
testing  of  a  duct  heater  augmentor  on  a  prototype  engine. 
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EFFECT  OF  BLEED  FLOW  VARIED  BY 
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Figure  6-1 6 
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FULL-SCALE  DUCT  HEATER  RIG  TEST  RESULTS  WITH  PRIMARY 
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Figure  6-32 
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DUCT  HEATER  TEST  RESULTS  OBTAINED  WITH  FULL- 
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Figure  6-35 
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Figure  6-36 
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ITEM  7  -  EXHAUST  SYSTEM 
OBJECTIVES 

Pratt  &  Whitney  Aircraft  has  conducted  static 
(internal  flow  only)  and  wind  tunnel  (internal 
and  external  flow)  tests  of  scale  models  of  the 
engine  exhaust  system,  including  thrust  revet*  - 
ser,  directed  toward  verification  of  the  exhaust 
system  performance. 

A.  INTRODUCTION 

The  goal  of  this  program  was  to  meet  or  exceed  the  following  exhaust 
system  performance  specifications  expressed  in  terms  of  the  thrust- 
minus -drag  coefficient  (Cpp)  at  typical  power  settings  for  the  follow¬ 
ing  flight  conditions: 


Number 


Condition 


Cpp  With  2%  Secondary 
Air  Flow 


3,0  Cruise  0.999 

2.7  Cruise  0.999 

1,2  Acceleration  0,962 

0.9  Cruise  to  Alternate  0.935 

0  Sea-Level  Take-Off  0,980 


Cpp  =  [(Gross  Thrust  of  Primary  Flow  and  any  Secondary  Air)  - 
(External  Wave  Drag  and  AH  Internal  Losses)^/  (Ideal 
Gross  Thrust  of  Primary  Flow) 


The  goal  for  thrust  reversing  is  a  minimum  of  40  percent  reverse 
thrust  with  no  significant  engine  airflow  suppression. 


B.  DISCUSSION 


A  systematic  program,  began  in  Phase  IIA,  to  select  and  develop  an 
operationally  flexible  and  efficient  exhaust  nozzle  system  was  continued 
In  this  contract  period.  Studios  were  aimed  at  optimization  of  a  blow- 
in-door  ejector  for  one  version  of  the  5TF-219  turbofan  engine  cycle. 
All  the  originally  predicted  performance  levels  were  mot.  Satisfactory- 
nozzle  performance  for  similar  STF-219  vej’sions  could  be  achieved 
with  tha  same  general  approach  and  available  information, 
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1.  FORWARD  FLIGHT  INVESTIGATIONS 

The  key  simulated  engine  operating  conditions,  including  take-off, 
subsonic  cruise,  transonic  acceleration,  and  supersonic  cruise,  are 
summarized  in  Figure  7-1,  A  typical  model  is  shown  schematically 
in  Figure  7-2.  The  experimental  studies  were  conducted  in  the  .17"  x 
17"  transonic  tunnel,  the  eight-foot  main  wind  tunnel,  and  the  main 
wind  tunnel  static  cell  at  the  UAC  Research  Laboratory. 

Since  the  supersonic  cruise  condition  is  the  most  important  operating 
point,  the  bulk  of  the  research  and  development  effort  was  concentrated 
on  the  ejector  requirements  for  this  particular  case.  In  previous 
phases,  the  basic  primary  nozzle  assembly,  the  external  contour,  and 
the  exit  diameter  design  parameters  were  established.  The  internal 
contour  of  the  shroud  was  defined  in  Phase  IIB  by  specifying  the  mini¬ 
mum  diameter  (Dg)  and  the  position  of  this  diameter  (Ls)  relative  to 
the  fan  stream  primary  nozzle.  These  two  parameters  are  very  im¬ 
portant  since  they  control  the  initial  expansion  of  the  exhaust  gases 
and  influence  the  ejector's  pumping  characteristics.  Figure  7-3,  which 
is  characteristically  a  "thumbprint",  summarizes  the  results  of  the 
investigation.  This  figure  indicates  that  the  nozzle  performance  (Cfp) 
can  be  significantly  improved  if  the  minimum  shroud  diameter  is 
optimized.  Relative  to  a  large  gap  ejector,  having  a  Cfp  of  approxi¬ 
mately  0.98,  a  gain  of  approximately  two  percent  can  be  achieved  by 
using  a  small  gap  configuration. 

A  small  gap  ejector  would  effectively  reduce  both  the  size  and  position 
of  the  minimum  shroud  diameter,  while  maintaining  a  certain  relation¬ 
ship  between  them.  A  large  range  of  geometric  configurations  is 
available  for  each  level  of  desired  performance.  However,  as  the 
performance  goal  increases,  the  range  of  configurations  becomes 
limited,  but  still  remains  multivalued. 

At  subsonic  and  transonic  conditions,  similar  design  studies  were 
conducted  to  determine  the  off-design  performance  effects  of  the  cruise 
requirements.  The  Mach  0,  (max,  duct  heat),  studies  are  summarized 
in  Figure  7-4,  At  this  condition,  the  blow-in»door e  are  open;  therefore, 
the  exit  diameter  strongly  Influences  performance.  Although  the  parti¬ 
cular  performance  levels  are  also  associated  with  specific  geometric 
regions,  a  largo  area  of  the  "thumbprint"  can  provide  near  maximum 
performance,  ^->th  the  Ds  and  D0Jm  parameters  are  important,  but 
a  given  change  in  the  former  is  usually  more  significant,  Internally 
cylindrical  or  near  cylindrical  shrouds  generally  have  hlglior  perfor¬ 
mance  than  the  diverg  R  configurations.  The  effect  of  spacing  (LH) 
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at  static  conditions  is  typically  illustrated  in  Figure  7-5.  There 
was  essentially  no  spacing  effect  in  a  large  part  of  the  range  considered. 
As  the  spacing  ratio  was  reduced  to  very  small  values,  a  noticeable 
decrement  in  performance  was  obtained.  This  decrease  was  due  to  the 
severe  restriction  in  blow-in-door  area  caused  by  the  movement  of  Ls. 
These  data  were  obtained  from  a  statistical  test  program;  extrapolation 
of  the  available  data  may  be  extremely  critical.  A  fixed  geometry 
shroud,  which  fulfills  the  supersonic  cruise  requirements,  requires 
operation  in  the  shaded  region  of  Figure  7-4, 

At  subsonic  cruise,  the  results  of  a  similar  study  are  shown  in  Figure 
7-6.  At  Mach  0.9,  the  cylindrical  shrouds  were  the  best  configuration. 
Both  Ds  and  Dexit  are  equally  important  at  this  condition;  all  changes 
in  performance  are  proportional  to  the  divergence  of  the  shroud.  The 
influence  of  spacing  (Lg)  at  these  conditions  is  illustrated  in  Figure  7-5. 
A  continuous  drop  in  performance  was  experienced  as  the  spacing  ratio 
was  reduced.  This  drop  was  attributed  to  the  increased  drag  associated 
with  the  inlet  geometry,  which  was  required  to  provide  the  small  spacing 
ratios  and  the  severe  reduction  in  blow-in-door  area.  The  exact  change 
with  Ls  is  a  function  of  the  specific  geometry  being  considered,  but  the 
illustrated  effect  is  typical. 

In  both  the  static  and  subsonic  cruise  studies,  the  configurations  were 
isolated  models  with  all  12  blow -in-door  s  open.  To  evaluate  the  effect 
of  blow -in-door  blockage,  two  of  the  doors  were  blocked.  The  results 
shown  in  Figure  7-7  indicate  that  there  is  essentially  no  different  between 
blocked  and  unblocked  cases.  The  external  flow  being  brought  on  board 
is  still  sufficient,  and  redistribution  takes  place  internally  with  no 
losses. 

At  transonic  acceleration,  a  similar  test  program  was  conducted  with 
the  blow-in-doors  closed.  At  this  condition  the  range  of  geometry 
required  for  maximum  performance  is  somewhat  smaller  than  the 
preceding  eases,  as  illustrated  in  Figure  7-8.  Due  to  the  higher  power 
setting  at  M  =  1.2,  the  shrouds  which  provide  maximum  performance 
have  divergent  geometries,  The  improvement  in  Cpp  provided  by  the 
divergent  shroud  as  compared  to  a  cylindrical  shroud  may  be  ub  high 
as  45%,  Although  testing  has  not  bean  completed,  it  is  rosonable  to 
assume  that  the  influence  of  spacing  at  this  condition  would  be  similar 
to  that  obtained  at  supersonic  cruise.  Unfortunately,  more  experimenta¬ 
tion  will  be  required  to  combine  all  the  Interactions  between  DH,  Dexn, 
and  LBi 
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These  foregoing  parametric  studies  at  the  four  critical  operating  points 
indicate  that  the  original  performance  goals  are  obtainable.  Since  the 
z*egions  of  high  performance  at  each  condition,  overlap,  a  practical  con¬ 
figuration  can  be  designed  with  a  minimum  of  geometric  variation  to 
obtain  the  performance  levels  necessary  for  SST.  The  demonstrated 
levels  for  such  a  configuration  are  shown  in  Figure  7-9.  At  M  =  0 
and  1.2  (max.  duct  heat),  the  goals  have  been  met.  At  subsonic  cruise, 
the  goal  was  exceeded  by  about  one  percent.  At  supersonic  cruise,  the 
performance  of  a  fixed  geometry  ejector  was  below  the  required  level 
by  approximately  one  percent.  However,  if  movable  geometry  is  used 
to  properly  position  the  minimum  internal  shroud  diameter,  the  goal 
can  be  achieved. 

2.  THRUST  REVERSERS 

The  testing  of  a  thrust  reverser  was  the  second  major  portion  of  the 
exhaust  nozzle  studies  for  the  SST.  The  basic  programs,  initiated  in 
Phase  HA  and  continued  during  Phase  ILB,  included  the  study  of  the 
reverser  exit  area  blockage  (targetting),  reverser  bleed  flow,  exter¬ 
nal  flow  effects,  and  trailing  edge  flap  position.  Figure  7-10  shows  a 
typical  configuration;  Figure  7-11  illustrates  the  type  of  reverser  area 
blockage  considered. 

Since  targetting  requirements  are  important  in  any  airframe  installa¬ 
tion,  a  series  of  tests  were  conducted  in  which  four,  five,  and  six 
blow-in-doors  out  of  a  total  of  12  were  blocked  as  shown  in  Figure  7-11. 

The  results  shown  in  Figure  7-12  include  a  variation  in  bleed  flow, 
both  spoiled  and  unspoiled.  (See  Figure  7-10  for  the  spoiler  configuration.  ) 
In  general,  the  reverse  thrust  coefficient  decreases  as  the  blockage 
is  increased.  This  decrease  is  due  to  the  change  in  the  effective  dis¬ 
charge  angle  of  the  reversed  gases,  and  the  internal  turning  losses 
associated  with  redistribution  of  the  exhaust  flow.  However,  as  the 
amount  of  bleed  flow  is  increased,  the  rate  of  lose  in  performance 
with  blockage  decreases  because  leas  of  the  exhaust  gases  are  dis¬ 
charged  through  the  blow -in-doors.  Flow  coefficients  were  relatively 
unchanged  v/ith  blockage. 

The  bleed  flow  associated  with  the  reverser  is  another  significant 
parameter.  Blood  flow  helps  relieve  engine  suppression  as  well  as 
re -luces  the  amount  of  exhaust  gases  discharged  through  the  blow-ln- 
t  near  th  airframe.  Spoiling  the  thrust  associated  with  the  blend 
f  5'.  effectively  producoo  n  null  thrust  condition  relative  to  the  blood 
IT  •  v.  The  effort  of  blood  how  upon  rover  a  or  performance  is  Indicated 
in  F(|  ur  4  •  i  The  reverse  thrust  coefficient  Is  shown  to  drop  rapidly 
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as  the  bleed  is  increased.  Approximately  25  percent  bleed  was  suffi¬ 
cient  to  provide  the  reverser  thrust  coefficient  goal  of  about  40  per¬ 
cent  for  most  configurations. 

The  external  flow  effects  are  important  in  evaluating  a  thrust  rever¬ 
ser  due  to  the  possibility  of  using  inflight  reversing.  As  shown  in 
Figures  7-14  and  7-15,  the  reverse  thrust  coefficient  increased 
rapidly  with  Mach  number  for  the  cases  of  both  four  and  five  doors 
blocked.  The  reverse  thrust  coefficient  was  increased  as  flight  speeds 
increases  since  the  base  drag  of  the  nozzle  is  increased  with  the 
reverser  flaps  extended.  The  data  shown  in  Figures  7-14  and  7-15, 
were  initially  obtained  using  a  configuration  with  the  trailing  edge 
flaps  held  at  the  maximum  diameter  position.  To  explore  the  effect 
of  flap  position  on  reverser  performance,  a  series  of  tests  were  con¬ 
ducted  with  the  flaps  in  both  the  "in"  (minimum)  and  "out"  (maximum) 
position.  Pressure  taps  were  installed  to  help  establish  the  position 
to  which  the  flaps  would  float.  The  results  shown  in  Figure  7-16  indi¬ 
cate  that  the  reverse  thrust  coefficient  is  higher  when  the  trailing  edge 
flaps  are  in  the  "in"  position.  This  increase  is  caused  by  a  combina¬ 
tion  of  both  external  drag  and  base  pressure  effects  in  the  reverser 
itself. 

An  analysis  of  the  pressure  tap  data  on  the  trailing  edge  flaps,  indicated 
in  Figure  7-17,  revealed  that  the  flaps  tend  to  be  completely  "in" 
statically  and  move  to  the  fully  "out"  position  at  Mach  0,4  and  remain 
"out".  The  overall  influence  of  external  flow  is  shown  in  Figure  7-18, 
which  summarizes  the  information  in  Figure  7-16  and  7-17  above  Mach 
0,4,  A  gradual  performance  increase  at  low  subsonic  speeds  is  in¬ 
dicated  on  Figure  7-18.  A  more  rapid  improvement  occurs  as  the 
Mach  number  approaches  0,  8,  where  the  base  pressure  drag  becomes 
increasingly  important. 

The  test  results  conducted  on  the  above  reverser  configurations  indi¬ 
cate  that  a  practical  reverser  scheme  can  be  developed  which  will 
provide  the  necessary  reverse  thrust  coefficients.  Since  the  targetting 
requirements  have  not  necessarily  been  finalized,  large  deviations  from 
the  above  will  necessitate  further  development  to  ensure  the  necessary 
reverser  thrust  levels  without  engine  airflow  suppression  or  inlet  ru- 
ingestion, 

C,  CONCLUSIONS 

Significant  advances  have  boon  made  in  achieving  the  original  perfor¬ 
mance  goalfl  for  the  supersonic  transport  exhaust  system  during 
Phase  LID,  Tho  off  "design  performance  goals  at  several  key  operating 
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conditions  were  met  or  exceeded;  at  supersonic  cruise,  the  performance 
was  within  a  fraction  of  one  percent  of  the  level  predicted.  Methods  to 
eliminate  this  small  supersonic  cruise  deficiency  were  sought  and  found. 
Wind  tunnel  testing  in  forward  flight  simulation  amounted  to  410  hours. 

The  experimental  thrust  reverser  studies  indicated  that,  even  with 
rather  severe  targetting  requirements,  acceptable  levels  of  reverse 
thrust  coefficients  with  little  or  no  engine  airflow  suppression  could 
be  achieved.  Wind  tunnel  testing  in  reverse  simulation  amounted  to 
245  hours. 

Although  the  overall  results  of  the  Phase  IIB  exhaust  nozzle  programs 
indicate  excellent  performance,  areas  still  exist  where  additional 
exhaust  nozzle  efforts  are  needed  to  ensure  a  successful  supersonic 
transport.  These  include; 

1.  A  complete  exhaust  nozzle  calibration  over  the  entire  flight 
spectrum  using  updated  power  settings  to  investigate  and 
eliminate  potentially  troublesome  conditions  a  freely  floating  flap 
co-annular  blow-in  door  ejector  has  been  fabricated  and  is  available 
for  testing  to  supplement  this  work. 

2.  An  evaluation  of  thrust  reversers  for  updated  targetting  require¬ 
ments,  and 

3.  An  evaluation  of  installation  effects  between  the  exhaust  system 
and  the  airframe. 
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STF-219  ENGINE  OPERATING  CONDITIONS* 
USED  FOR  EXHAUST  NOZZLE  MODELS 

Nacelle  Dia.  =  80"  (600  #/sec»  Engine) 


Moo 

Power 

P„  /P 

te  am 

P  ,/P 

tf  am 

AiCde 

AiCdf 

0 

S .  L .  T ,  O 

2.  13 

2.42 

4.  96  ft2 

8.  33  ft: 

0.9 

Cruise 

2.90 

3.48 

4.  96 

4.36 

1.2 

Max.  D/H 

5.  19 

5.  84 

4.  96 

8.47 

2.7 

Cruise 

14.68 

29.  08 

4.96 

5.46 

0 

Reverse 

2.00 

2.  10 

4.  96 

4.  00 

*  The  final  engine  conditions  used  in  the  model  specification  differ 
slightly  from  these  early  values. 
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CO-ANNULAR  BLOW -IN-DOOR  EJECTOR 


Figure  7-2 
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EFFECT  OF  INTERNAL  SHROUD  GEOMETRY  AT  SUPERSONIC  CRUISE 


Figure  7-3 
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EFFECT  OF  INTERNAL  SHROUD  GEOMETRY  AT  SEA  LEVEL  STATIC 
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TYPICAL  EFFECTS  OF  SI-IROUD  SPACING  RATIO  FOR  SUBSONIC 
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EFFECT  OF  INTERNAL  SHROUD  GEOMETRY  AT  SUBSONIC  CRUISE 
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EFFECT  OF  BLOCKING  TWO  OF  TWELVE  BLOW -IN -DOORS 


Figure  7-7 
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EFFECT  OF  INTERNAL  SHROUD  GEOMETRY  AT  TRANSONIC 
ACCELERATION  (MACH  1.2) 


Figure  7-8 
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SCALE  MODEL  STF219  BLOW -IN-DOOR  EJECTOR  PERFORMANCE 


Figure  7-9 


HWIdnWtD  A t  |  *|A» 


CONFIDENTIAL 


CONFIDENTIAL 


PRATT  ft  WHITNEY  AIRCRAFT 


PW  A"  2600 


FAN  FLOW  =£> 


PRIMARY  FLOW 


Arev/A' tot0  1.39  (NO  DOORS 
BLOCKED) 

PER  CENT  BLEED=A0LfrEO/A*TOr 


SCHEMATIC  THRUST  REVERSER 


Figure  7-10 
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THRUST  REVERSER  BLOW -IN-DOOR  BLOCKAGE 


Figure  7-11 
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EFFECT  OF  REVERSER  BLEED  FLOW 


Figure  7-13 
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TYPICAL  EFFECT  OF  FLIGHT  MACH  NUMBER  WITH  FIVE  DOORS 

BLOCKED 


Figure  7-15 


toOwirMACM  t>  $ 

Mn  imu  *fn*  <t 
NO  MO  MN1 


’I 


OON6»IO®NTiAL 


FLOW  FLOW 


{•n ATT  ft  WIHTMKY  AIFtCfl  APY 


CONPIDSMTIAL 


FU0HT  MACH  NUMBER 


INFLUENCE  OF  TRAILING  ifiOoiC  FLA  iJ  POSITION  ON  MACH 
NUMBER  WITH  3  HOI  LED  FLOW 


Flyura  7  ■  16 

GONMDBNTIAL 


i  *«•  1 1  (  i  ill  trt  i 
liiiuMM  U  (I  I  U» 

m  il  l«H 


?TiftlL!W6  EDGE  FLAP  POSTHOh 


unATr  a  wniTNav  Air.eiMrT 


CONPIDB^TIAIL 


1 


PWA-2600 


( 

i 


PTg/pAM*2^  &rp/PVE‘IO0  4  DOORS  BLOCKED 


PLIGHT  MACH  NUMBER*  MN 


DJMET  Of  THAIUNO tN(  fMP  FOMTION  ON  MACH  NUMDICH 
FOH  20%  AND  J0%  BUIKO 


Niyui’u  7  » 1 7 

OONPtOlUTiAL 


IIUriUM  WlM  '*  >04 


n{ 


0%  BLEED 


30%  BLEED 


HEM  8 

NOISE  REDUCTIONS 


PltArr  ft  Will',  MBV  AIRCRAFT 


CQNPSDENTIAL 


PWA-2600 


ITEM  8  -  NOISE  REDUCTION 

OBJECTIVE 

The  objective  of  the  noise  reduction  investiga¬ 
tions  was  to  obtain  information  on  noise  sup¬ 
pression  devices  and  techniques  which  could  be 
incorporated  into  the  design  of  the  SST  airplane, 
During  Phase  II-B  of  the  program,  variations  of 
inlets,  nozzles,  full-scale  blow-in-door  ejectors, 
and  sound  absorbing  materials  were  tested  to  de¬ 
termine  their  effect  on  noiBe  propagation.  The 
specific  goal  of  this  program  was  to  obtain  in¬ 
formation  which  may  be  used  to  meet  or  better 
the  FAA  specified  noise  levels  of'  1)  116  PNdb 
at  1500  feet  from  the  centerline  of  the  runway 
during  the  talce-off  roll,  2)  105  PNdb  at  a  point 
three  mlloa  from  the  start  of  the  take-off  roll, 
and  3)  109  PNdb  during  approach  at  a  point  one 
mile  from  tho  runway  threshold. 


A.  INTRODUCTION 

Since  the  advent  of  commercial  aviation,  there  has  been  a  trend  toward 
noisier  airplanes,  This  trend,  coupled  with  large  increases  in  popula¬ 
tion  In  the  vicinity  of  most  major  airports,  has  resulted  In  some  serious 
noise  problems.  In  many  instances,  organizod  community  action  groups 
have  boon  formed  and  are  attempting  to  Initiate  legal  actions  which  could 
adversely  affect  the  growth  of  commercial  air  ii  anopCirUmon.  It  ia 
hoped  that,  lhrouto.i  the  integration  of  notee  c unntdor  ul.ions  into  the  de¬ 
sign  of  the  SST,  the  trend  toward  noisier  airplanes  can  be  halted  or  re¬ 
versed. 


Reversing  this  trend  will  be  quite  difficult,  particularly  when  the  im¬ 
portant  requirements  lor  safe  and  economical  operation  .are  met.  Ah 
shown  in  Figure  8-1,  the  basic  poworplnntu  to  bo  used  on  the  SST  will 
be  copable  of  generating  substantially  more  noise  than  those*  ised  on 
pam  and  current  airplanes.  The  potentially  large  increase  In  power- 
plant  noise  production  need  not,  liuwovor,  reflect;  a  similar  increase 
in  community  noise,  Aa  the  SST  airplanes  will  be  overpowered  for 
take-off,  some  noise  relief  may  be  obtained  from  the  line  of  special 
take-off  procedures, 
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The  use  of  suppression  devices  could  further  reduce  rhe  noise  from  the 
SST.  Test  activity  during  Phase  II-B  of  the  SST  engine  study  di¬ 
rected  toward  the  investigation  of  suppression  devices  which  could  be 
incorporated  into  the  design  of  SST  powerplant  designs  being  developed 
by  Pratt  &  Whitney  Aircraft. 

B.  INLET  DUCT  SOUND  PROPAGATION  CHARACTERISTICS 
1.  GENERAL 

Incorporated  into  the  design  of  the  forward  compressor  stages  of  the 
SST  engines  designed  by  Pratt  £<  Whitney  Aircraft  are  several  features 
which  should  minimize  the  generation  of  blade  passing  frequency  noise. 
Among  these  features  are  the  omission  of  inlet  guide  vanes,  a  large 
number  of  stator  vanes,  and  ample  spacing  between  rotor  blades  and 
stator  vanes,  The  effect  on  noise  of  these  features  has  been  demonstrated 
during  previous  teste  conducted  on  a  28-in.h  diameter  compressor  rig 
and  reported  in  Report  No.  PWA-2353,  Further  changes  in  the  com¬ 
pressor  design  for  low  noise  generation  would  result  in  very  substantial 
increases  in  engine  weight, 

The  most  promising  means  of  further  reducing  the  compressor  noise 
from  the  SST  without  increasing  the  engine  weight  involves  develop¬ 
ment  of  the  long  supersonic  inlet  duct  to  provide  noise  suppression, 

Results  of  teats  conducted  during  Phase  II-A  indicated  that  supersonic 
inlets  provided  opportunities  to  incorporate  compresoor  noise  control 
features  which  could  not  be  Installed  in  the  short-length  inlets  used  on 
subsonic  jets.  The  long  ducts  have  a  large  internal  surface  area  on 
which  acoustical  treatment  mr.y  be  installed,  Variable  inlet  geometry, 
incorporated  in  ail  supersonic  inlets  to  ensure  acceptable  pressure  re¬ 
covery  characteristics  over  n  wide  range  of  flight  Much  numbers,  pre¬ 
vious  tire  opportunity  to  choice  or  neurly  choke  the  inlet  during  the  land¬ 
ing  approach,  Phase  II-A  tost  results  Indicated  that  both  these  features 
could  be  employed  euccostfuUy  to  suppress  compressor  noise, 

Noise  teats  of  Inlet  ducts  w -are  conducted  during  Phase  Il-D  to  further 
investigate  Lhe  effects  on  noise  of  supersonic  inlet  ducts.  The  28-inch 
diameter  compressor  rig,  used  in  previous  phaaea  of  the  program, 
wan  used  for  this  aerie®  of  testa,  A  mor  e  detailed  description  of  the 
facility  is  given  In  the  SST  Phoeo  II A  Report  No.  PWA-2397. 

Model  inlet  ducts,  patterned  after  both  the  Boeing  oxlaymmatrleni  de¬ 
sign  and  the  two-dimensional  inlet  planned  for  tire  Lockheed  SST,  wore 
fabricated  during  Phase  II-A,  These  Inlets,  shown  in  Figures  8-2  and 
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8-.\  'Veto  uw i:d' for  the  Phase  II-B  tests.  About  78  hours  of  running 
tithe  were  logged  on  the  28-inch  diameter  rig  during  Phase  II-B  inlet 
Uubt  ruii'sc  rests.  Inlet  duct  configurations  tested  and  a  summary  of 
test  results  are  shown  in  Figure  8-4, 
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2.  CONCLUSIONS  ! 


From  the  results  of  the  tests,  the  following  conclusions  can  be  drawn: 


Compressor  blade  and  vane  numbers  do  not  significantly  affect  the 
noise  attenuation  with  near-sonic  velocity  duct  flow. 


With  all  configurations  tested,  substantial  noise  reductions  were 
measured  as  the  duct  flow  velocity  increased  above  about  0.  7 
Mach  number, 

Feltmetal  is  an  effective  sound  absorbing  material  and  is  potentially 
useful  for  lining  supersonic  inlet  ducts, 

The  effect  on  noise  of  boundary  layer  bleed  is  small, 

Compresr  or  whine  during  approach  will  probably  be  less  objectional 
if  the  inlet  blow-in  doors  are  closed. 


3.  RECOMMENDATIONS 


Results  of  this  test  scries  have  Indicated  several  compressor  noise  sup- 
preonion  features  which  can  be  incorporated  in  the  design  of  supersonic 
hi.Uto,  some  features  which  arc  not  effective,  and  others  which  may 
aggravate  the  noise  problem.  Further  model  inlet  noise  studies  probably 
would  not  produce  significant  new  results.  It  is  recommended  that  no 
further  tests  be  conducted  until  full-scale  hardware  is  available,  Re¬ 
sults  of  these  tests  v/ill  be  made  available  to  the  airplane  contractors 
for  their  consideration  in  tho  deal  m  of  inlet  ducts, 


4.  DISCUSSION  OF  RESULTS 

The  series  of  tests  conducted  wore  designed  to  Investigate  the  effect  on 
noise  of  four  basic  parameter  .  wi'  features  which  are  incorporated  in 
the  design  of  moat  superset  ic  inlet  ducts,  Results  from  the  four  basic 
series  are  discussed  in  the  following  paragraphs, 
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a,  Effect  of  Duct  Mach  Number  on  Noise  Attenuation 

Phase  II-A  test  results  showed  that  a  significant  reduction  in  noise  re¬ 
sulted  from  operation  of  the  inlet  duct  in  the  near-choked  flow  condition. 
It  was,  however,  not  clear  whether  the  sound  attenuation  at  a  given  duct 
flow  Mach  number  was  affected  by  the  details  of  the  "spinning  mode" 
sound  patterns  which  propagate  compressor  noise  energy  out  the  inlet 
duct.  The  composition  of  these  patterns  is  determined  by  the  combina¬ 
tion  of  blade  and  vane  numbers  used  in  the  compressor.  It  was  specu¬ 
lated  that  judicious  choice  of  a  blade-vane  number  combination  could 
enhance  the  acoustical  effectiveness  of  an  inlet  duct  having  high  velocity 
subsonic  flow. 


Acoustic  tests  to  investigate  the  effect  on  sound  propagation  of  changes 
in  blade-vane  number  were  conducted  using  the  following  rig  configura¬ 
tions. 


No.  of 

No.  of 

Duct  Throat 

Centerbody 

Mode 

Config. 

Blades 

Vanes 

Area,  Ft2 

Shape 

Shape 

3-B-O 

32 

18 

4.  3 

Cylindrical 

+  14,  -4  &  -22  lobe* 

3-B-l 

32 

18 

2.  51 

Expanded 

+  14,  -4  &  -22  lobe 

4-B-O 

32 

32 

4.  3 

Cylindrical 

0  lobe  (plane  wave) 

4-B-l 

32 

32 

2,  51 

Expanded 

0  lobe  (plane  wave) 

4-B-2 

32 

32 

2.  14 

Expanded 

0  lobe  (plane  wave) 

5-B-O 

32 

46 

4.3 

Cylindrical 

- 14  lobe 

5-B-l 

32 

46 

2,51 

Expanded 

- 14  lobe 

5-B-2 

32 

46 

2,  14 

Expanded 

- 14  lobe 

*  Negative  lobe  number  indicates  sound  pattern  rotation 
that  la  opposite  to  rotor  rotation. 

As  ahown  by  this  tabulation,  the  selected  combinations  resulted 
in  a  variety  of  "spinning  mode"  patterns,  including  a  plane  wave.  A 
plane  wave  was  of  particular  interest  as  it  propagated  acoustical  energy 
directly  opposite  to  the  direction  of  airflow,  rather  than  along  a  helical 
path  as  was  the  case  with  all  other  patterns.  It  was  expected  that  the 
plane  wave  noise  would  be  the  most  difficult  to  attenuate  with  high  sub¬ 
sonic  velocity  flow. 

Attenuation  as  a  function  of  duct  flow  Mach  number  is  plotted  in  Figure 
8-5  for  all  three  blade-vane  combinations  and  inlets  tested.  As  shown 
by  the  curves,  some  change  in  attenuation  at  a  given  flow  Mach  number 
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was  ineasured  with  the  configurations  tested.  At  high  Mach  numbers,  j 

a  substantial  attenuation  was  noted  for  all  configurations  tested.  ; 

| 

Absolute  noise  levels  as  a  function  of  duct  Mach  number  for  the  thiee 
blade-vane  configurations,  with  and  without  a  choked  inlet  duct,  are 
shown  in  Figure  8-6.  The  32-vane  configuration  which  generated  plane 
wave  compressor  noise  was  substantially  more  noisy  than  either  the 
18-vane  configuration  which  generated  several  spinning  modes  or  the 
46-vane  configuration  which  more  nearly  simulated  the  modal  pattern 
incorporated  in  the  design  of  the  STF219  SST  engine. 

Also  tested  was  the  two-dimensional  inlet  duct  with  two  centerbody 
positions  which  resulted  in  throat  areas  of  3.8  and  1.7  square  feet. 

Test  results  shown  in  Figure  8-7  illustrate  that  compressor  noise  can 
be  effectively  attenuated  with  nearly-choked  flow  in  a  rectangular  duct 
as  well  as  a  cylindrical  duct. 

b.  Sound  Absorbing  Duct  Linings 

Tests  of  a  Fiberglas-lined  inlet  duct  were  conducted  during  Phase  H-A 

and  a  substantial  noise  attenuation  was  measured.  This  demonstrated 

that  noise  reduction  could  be  achieved  by  the  use  of  sound  absorbing  j 

livings  in  an  SST  inlet  duct.  Because  of  the  high  temperatures  expected  ■ 

in  the  inlet  duct  at  cruise  speeds,  Fiberglas  will  not  be  satisfactory  as 

a  duct  lining  material,  A  series  of  tests  was  conducted  to  determine 

the  acoustical  effectiveness  of  Feltmetal,  a  potentially  suitable  material.  i 

This  material  is  formed  from  a  sintered  mat  of  thread-like  stainless 

steel  fibers  and  is  commercially  available  in  a  wide  variety  of  sheet 

thicknesses  and  densities.  j 

Noise  levels  were  measured  during  several  tests  in  which  Feltmetal 
liners  were  installed  on  the  inside  of  the  outer  duct  wall,  About  11/4 
inches  of  space  was  left  between  the  liners  and  the  solid  wall.  Results 
of  the  tests  indicated  that: 

Sound  attenuation  increased  with  the  length  of  the  liner  as  shown 
in  Figure  8-8, 

Attenuation  decreased  at  higher  duct  flow  velocities  as  shown  in 
Figures  8-9  and  8-10. 

The  1 /8-inch  thick  material  was  about  as  acoustically  effective 
as  the  1  /4-inch  thick  material. 
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The  material  appeared  to  be  two  to  three  db  more  effective  when 
located  in  the  subsonic  flow  section  of  the  inlet,  near  to  the  com¬ 
pressor.  | 

The  attenuation  of  the  lining  was  not  particularly  sensitive  to 
frequency  as  shown  by  Figure  8-11. 

c .  Boundary  Layer  Bleed 

Boundary  layer  thickness  control  devices  are  incorporated  in  the  design 
of  most  supersonic  flow  inlet  ducts.  These  devices  usually  consist  of  a 
perforated  duct  wall  through  which  the  stagnant  boundary  layer  is  ex-  j 

tracted.  To  investigate  the  effect  on  noise  of  perforated  liners  with 
various  boundary  layer  flow  rates,  a  series  of  perforated  liners  were  , 

installed  and  tested  on  model  supersonic  inlets  installed  on  the  28-inch  j 

diameter  rig.  Noise  levels  were  measured  while  flow  was  both  ex¬ 
tracted  from  and  added  to  the  boundary  layer  by  connecting  the  bleed  r 

compartment  to  either  a  vacuum  or  a  pressure  air  supply.  Results  of  j 

the  tests  showed  the  bleed  flow  to  have  an  insignificant  effect  on  noise. 

i 

d.  Inlet  Blow -In  Doors  i 

■  »  . . —  t  i 

Blow-in  doors  are  incorporated  in  the  design  of  sharp-lipped  supersonic 
inlet  ducts  to  compensate  for  the  poor  flow  recovery  factors  which  are 
inherent  at  low  speed  and  static  operation.  At  a  given  operating  condi¬ 
tion,  it  was  expected  that  compressor  noise  levels  would  increase  if 
the  doors  were  open,  as  wakes  from  the  doors  were  expected  to  extend  j 

downstream  into  the  pressure  field  of  the  rotor. 

Results  of  tests  with  the  inlet  blow-in  doors  open  were  compared  with 
results  of  tests  conducted  during  Phase  II-A  on  a  similar  configuration 
except  that  the  doors  were  closed.  An  increase  of  from  two  to  four  db 
in  the  noise  level  was  noted,  and  the  noise  was  observed  to  have  a  less 
random  quality,  the  discrete  blade  passing  frequency  tones  becoming 
much  more  audible. 

5.  ANALYSIS  OF  RESULTS 

The  most  effective  inlet  noise  suppression  scheme,  and  the  least  ex¬ 
pensive  in  terms  of  added  weight,  appears  to  be  a  choked  or  nearly- 
choked  inlet.  If  the  requirements  for  fail-safe  operation  in  the  event 
of  an  aborted  landing  can.  be  met,  inlet  noise  from  the  SST  can  be  re¬ 
duced  to  levels  well  below  that  of  current  jet  transports. 
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Duct  lining  is  equally  effective  and  may  offer  a  safer  solution  to  the  in¬ 
let  noise  problem.  Any  inlet  design  incorporating  an  acoustic  lining 
would,  however,  probably  result  in  an  increase  in  airplane  weight. 

The  series  of  tests  on  lined  inlets  was  conducted  using  the  asymetri- 
cal  inlet  duct  because  its  shape  made  configuration  changes  relatively 
simple.  It  is  safe  to  assume  that  equally  satisfactory  noise  attenuation 
would  result  from  properly  installing  the  lining  material  in  a  two- 
dimensional  inlet  duct, 

C.  SOUND  ABSORBING  MATERIALS 

1.  OBJECTIVES  OF  TESTS 

Previous  testing  has  shown  that  significant  sound  attenuation  can  be 
achieved  in  the  fan  duct  of  the  STF219  engine  using  sound  absorbing 
materials. 

The  object  of  the  Phase  II-  B  test  program  was  to  investigate  the 
sound  absorbing  properties  of  a  wider  variety  of  constructions  in  which 
the  weight  of  the  absorption  treatment  might  be  less  than  that  of  the  Felt- 
metal  configurations  previously  reported  during  Phase  II- A.  It  was  also 
intended  to  study  the  practicability  of  these  treatments  from  the  stand¬ 
point  of  durability  under  engine  operating  conditions. 

2.  DESCRIPTION  OF  FACILITIES 

The  test  rig  facility  consisted  of  an  upstream  reverberation  chamber, 
the  test  duct,  and  a  downstream  reverberation  chamber.  The  upstream 
chamber  housed  a  model  pulse -jet  engine  which  served  as  a  sound 
source.  Airflow  velocities  of  up  to  300  feet  per  second  through  the 
duct  were  attained  utilizing  a  300  horsepower  low-pressure  blower. 

A  more  detailed  description  of  the  test  facility  and  the  theory  of 
reverberation-chamber  sound  measurement  techniques  can  be  found 
in  the  Phase  II-A  Final  Report,  lumber  PWA-2397.  Photographs 
of  the  facility  and  a  typical  treated  duct  are  shown  in  Figures  8-12 
and  8-13, 

3.  METHOD  OF  TEST 

Tests  were  conducted  in  the  same  manner  as  that  reported  for  Phase 
II-A  with  the  exception  of  the  sound  data -taking  procedure.  A  two- 
channel  Magnacord  tape  recorder  was  utilized  to  obtain  simultaneous 
readings  of  the  two  microphones.  This  modification  eliminated  he 
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time  delay  that  waa  inherent  in  the  graphic  level  rt  carding  system, 
and  the  associated  possibility  of  slight  variation:;  mi  the  sound  pres¬ 
sure  level  of  the  source, 

4,  RESULTS 

Tests  were  conducted  on  a  rig  model  section  of  the  STF219  fan  dis¬ 
charge  duct  with  the  flow  split  into  two  channels,  each  having  a  width 
of  one-half  that  of  the  full-scale  engine,  A  photograph  of  the  one- 
half  width  channel  incorporating  one  of  the  treatments  is  shown  in 
Figure  £>-13.  Figure  Q-14  tabulates  the  configurations  tested  in  this 
duct. 

Previous  tests  indicated  that  the  use  of  3/8-inch  thick  Feltmetal  gave 
oxcollent  attenuation,  In  an  effort  to  reduce  the  weight  addition  and 
yet  maintain  acceptable  noise  attenuation,  a  thinner  layor  of  Feltmetal, 
1/8-inch  thick,  was  employed  as  the  facing  material.  Figure  8-15, 
Configuration  A,  shows  that  this  facing  with  air  in  the  backing  space 
gave  poor  results.  Filling  the  backing  space  with  fiberglae  greatly 
improved  the  attenuation  over  the  entire  frequency  spectrum,  as  shown 
by  Figure  8-15,  Configuration  B, 

Study  was  then  centered  around  finding  a  material  exhibiting  the 
acoustic  properties  of  fiberglae  that  is  capable  of  withstanding  the 
hign  temperatures  existing  in  the  STF219  fan  discharge  duct.  Cera- 
felt,  an  alumlno-iAUcon  fiber  matting  produced  by  Johns -Manvilla 
Co.  root  those  requirements,  and  Figure  8-15,  Configuration  C  shows 
the  result  to  be  as  good  as  or  slightly  better  than  the  fiberglae 
construction. 

Slltmetal  is  a  now  commercially-developed  acoustic  panel  suitable 
for  use  as  a  facing  material,  The  flow  resistance  through  the  facing 
is  controlled  by  the  slit  width  and  length.  Its  weight  is  eon  jwhat 
less  than  that  of  a  l/8-inch  thick  Feltmetal  panel  having  a  25%  density. 
In  our  tests,  no  significant  difference  was  found  in  attenuation  whan 
the  length  of  the  rectangular  slit  was  parallel  or  perpendicular  to  the 
duct  flow'  a.xis,  A  comparison  of  three  facing  materials,  using  Cerafolt 
in  the  backing  space,  is  given  in  Figure  8-1$,  It  is  reran  that  the 
perforated  plate  and  wire  mesh  screen  facing  material  is  superior  to 
SlUmotal,  especially  at  the  higher  frequencies.  The  perforated  plate 
and  Slilmetal  panels  are  of  comparable  weight. 
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9.  CONCLUSIONS 

*  Acceptable  noiso  ntlunuation  can  tie  achieved  using  Fulfrnolnl 
or  perforated  plate  and  wire  mash  screen  no  tho  facing  malarial, 
and  utilizing  Gernfeh  in  tha  becking  apace, 


•  Sufficient  attenuation  can  lie  achieved  by  the  usa  of  duel  liners 
to  rtcica  the  sound  from  the  fan  duct  balew  tho  axlmuei  noise 
love)  under  landing -approach  thi'uat  condltlone, 


*  Attenuationa  comparable  to  those  previously  reported  for  3/0- 
inch  thick  Feltmeial  have  now  been  achieved  with  treatments 
weighing  roughly  one  third  as  much, 


*  Planned  environmental  durability  studios  will  lend  to  evaluation 
of  construction  techniques  that  can  bo  incorporated  in  more 
refined  studies  of  the  weight  -attenuation  tradeoffs  that  are 
noodod  to  select  optimum  configurations, 


D,  MODEL  EXHAUST  SYSTEM  NOISE  TESTS 
1,  DESCRIPTION  OF  FACILITIES 


An  overall  diagram  of  tho  anechaic  chamber  tost  Inc  1 1  It  y  is  shown  In 
Figure  ti-n,  EaoleiiUy  the  facility  consists  of  a  comprosBed  hlr  supply, 
a  natural  gas  fuel  supply  (system,  and  a  burner  auction  In  which  lh« 
natural  gn«  fuel  lu  mixed  with  tho  cornpreesvcl  til r  and  burned  to  he  ox- 
hnuated  through  the  tost  nozzle.  A  system  of  ducts  and  valves  In  the 
burner  section  allows  tho  compressed  air  stream  to  bo  split.  Into  two 
parts,  each  with  its  own  burner  system,  the  two  streams  of  hot  gas 
being  nflceeoary  to  simulate  the  primary  stream  and  tho  duct  scream  In 
models  of  the  STF2J9  cnglno,  Tha  pressures  and  temperatures  of  both 
fiitroams  aro  controlled  indopondently,  allowing  duplication  of  a  wide 
range  of  engine  oporating  conditions,  A  morn  dotal  led  description  of 
tho  facility  appears  in  the  Phase  II- A  final  report,  number  PWA-2.397, 
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id.  METHOD  OF  TIC  ST 

In  evaluating  moilwl  nngslp  configurAtlonn  It  Is  necetmary  to  t  uiiMldat 
bolhiiolee  and  performance,  Accordingly,  modal  tost  program#  a  id 
equip  lent  wore  developed  to  document  both  onnni'lnrattonfl  ova r  the 
rangr  of  operation  for  aueli  mod"!  (oat.  ttlg  operating  points  ws!,u 
eeleutnd  on  the  basis  of  the  angina  oparaiing  schedule,  I’or  e  icli  point 
on  the  full-ncftlo  engine  operating  schedule,  vonwidtli.g  at  a  particular 
tailpipe  temperature  and  nnr./.ln  premium  ratio,  a  cormeponding  point 
at  the  same  temperature  find  pressure  ratio  we  »  set  on  the  nozzle  model.  333 
hours  of  testing  were  conducted  in  the  afienholtj  chamber  during  phase  II*  0, 

Tho  fast  rig  was  equipped  with  iiieipumorilntion  to  coliecl  the  neceuenry 
data  for  the  calculation  of  performance  parameter b  and  a  tape  recording 
system  for  the  collodion  of  noiee  data.  Tlieae  data  ware  then  reduced 
h/  IBM  machine  computation  lo  give  predictions  of  full-seale  noise  and 
performance.  A  detailed  discussion  of  lite  data  collodion  and  reduction 
systems  was  given  in  the  Phase  H-A  final  report,  number  PWA-839?, 

3,  tJICiCWIPTJOW  C1F  MOSEL  NQP/ILM 

T  he  modal  exhaust  nns/lse  lesied  during  (he  Phase  U*fl  cohlraul  period 
are  host  described  in  two  groups!  noamies  without  duct  heal  and  noHslae 
unlng  duct  beat.  Plug  rums  of  the  nesutles  tested  In  each  group  are  shown 
hi  Figures  g-lfi  and  fl-19. 

Considering  ilrcl  the  group  of  uoislee  without  duet  heat,  Figure  » - 1  ft 
(Part  A)  shown  the  so-called  calibration  model  entiled  to  the  HTF21? 
engine,  This  model  was  built  during  the  Phase  JI-A  contrast  period 
and  was  used  /or  a  /arlety  of  ejaotor  tests  attending  over  both 
I'haoq  U»'A  and  Phaoo  U-fl  contracts  whara  origin*  Qpgrstlsr.  with  » 
cjic!  duct  air earn  wno  oumiimed.  Figures  fl»10  (Part  13),  0*20  and 
lb 21  show  the  oonllopod  primary  ne««}§,  This  modal  la  designed  lo 
uso  llu  came  blow-ln-door  ejestor  ecnligurattono  as  the  calibration 
modal  but  incorporates  b  primary  uokbIo  with  four  productions  Into 
•he  primary  stream,  The  primary  and  duct  noBBle  throat  ovens  rre 
the  asms  ns  in  tho  calibration  nodal, 

Tho  third  of  ths  models  without  duet  heat  io  ohown  in  Figure  f)-in  (Paris 
C  and  H),  This  is  a  turbojet  novels  modal,  eonstr'idted  of  an  alloy 
containing  90  percent  Innlfllum  arul  10  parcent  tuog*lan,  to  be  used  wlian 
giie  atj'oam  temperatures  up  lo  3300*F  arc  needed  to  oimulflto  the  engine 
ope r Alton.  The  tantalum  alloy  was  used  io  that  the  nozvla  could  be  operMed 
uncwoisd  oi.ica  experience!  with  watar-cooled  noBBles  during  Ilia  aorly  slagoo 
of  tho  Phase  If"  13  contract  period  had  shown  that  tlm  haul  transfer  from 
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the  gno  stream  to  the  cooling  water  was  so  SKceaslva  that  the  das  lend 
h Ob  Bis  axil  tnmporfttura#  could  not  bo  roneliod,  In  the  fnll-arnla  angina 
noBBlo,  wall  lettiparaluraa  are  maintained  within  acceptable  limits  by 
alrcooling  with  a  vary  smnll  fraction  of  Uio  angina  airflow.  Because 
the  host  loan  ia  ft  function  of  fhn  rfttlo  of  duct  cross  section  perimeter 
to  section  aton,  the  problems  of  designing  an  air-cooled  oobbIo  model 
to  run  list  without  wall  burnout  fire  magnified  by  the  ord^r  of  id!),  the 
model  scale,  Tho  problamo  Inherent  in  tho  design  of  thu  burner  oya tom 
which  would  produce  a  hlghor  yllft  stream  lempsrautra  at  the  Inlet  to 
the  water-cooled  parts  to  compensate  for  the  high  temparaiurff-drop  In 
the  gaa  otreftm  are  even  more  prohibitive,  Tlw  initial  uni  model  wue  de* 
signed  to  operate  at  wall  tempera  lures  near  3000*1?  and  was  uoolnd  only 
by  radiation,  A  tin-aluminum  coating  wan  applied  to  the  tantalum  alloy 
le  prevent  oxidation.  Two  ejectors  ware  built  to  be  lined  with  this  ncgflle, 
a  model  of  ilia  ejector  used  on  the  YF-12A  ti)vr,ruih  (Figure  U-lft,  Part  C) 
and  a  geometrically  scaled  model  of  Die  0TP2P)  ejector  (Figure  0-10, 

Part  B),  Pliotographe  of  the  notsele  and  these  asiernbllfla  appear  In 
Figures  0-22  through  0-26, 

The  duet-healing  nosHlen  were  two  in  number,  a  water- cooled  model 
shown  In  Figure  n-iq  (Parts  A  and  fi>  and  an  uncooled  tantalum  alloy 
model  shown  In  Figure  u-19  (Part  Cl).  The  water* cooled  mode)  was 
designed  and  eonoii'ueted  during  the  Phase  1I*A  program  for  looting 
at  all  duet-heat  operating  points,  A«  pointed  out  previously,  the  wnier 
seeling  produced  axcasaiva  lempai «iuro  drops  In  the  gau  stream,  limit¬ 
ing  llto  maximum  tailpipe  temperature  obtainable  with  tills  model,  The 
noafila  was,  however,  used  no  shown  in  Figure  M -  1 9  (Pari  A)  to  study 
partial  duct-heat  operation,  and  with  a  series  of  four  water-cooled 
channel  ejvclors  as  shown  In  Flguras  11 » 1  o  (Pari  0}  and  14-27,  .vha 
channels  are  provided  to  Introduce  ambient  air  and  min  11  with  the  Hostile 

mm  MtiiDo  in  ilia 

Tits  tantalum  mode!  of  tho  BTF8I9  wan  ladli  during  Phono  11- D  to 
tost  over  the  high*  temperature  range  of  duct  heat  operation  when  thu 
water-cooled  model  was  found  to  hs  Inadequate,  This  model  allows  the 
U60  of  the  present  burner  yysiarr  to  obtain  gas  slrasm  tnmporotnres  up 
In  3100*F,  Photos  of  Llu»  primary  and  duet  noeetes  and  their  asseitlblioe 
are  shown  tn  Figures  0*2(1  through  0-  31 

4.  RESULTS 

ft  Moggies  Without  Duet  llaatina 

ilodal  exhaust  noise  rooulls  ora  presented  for  lbs  conflgurati  /ns  listed 
bnluw  III  the  tbroo -digit  Identification  ends  that  is  uaaij,  il.e  first  digit 
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refum  to  the  primary  nozzle,  the  second  digit  idantifiuB  tho  secondary 
or  duct  nozzle,  and  Ilia  Iflflt  digit  Identifies  the  ejector,  A  zero  digit 
denotan  absence  of  Ilia  relevant  component. 


Dofllgnatlon 

(I,  6,  0) 


Irlantific  niton 

BbbIc  primary  nozzle  assembly  f<  r  uflo  without 
duct  heating,  Secondary  nozzle  identical  with 
nozzle  without  duct  boating  designated  as  2  in 
Phnne  II  -  A  report  except  mounted  with  for  a  body 
rupporta  for  a  variety  of  ejectors.  No  ejector 
used. 


(1,  b,  1) 


(1,  6,  3) 


(I.  6,  4} 


/lame  ne  { 1 ,  f>,  0)  with  Addition  of  basic  0TF219 
ujttotor, 

1‘li'iit  of  series  of  four  configurations  using  channel 
ojentsrs  providing  for  induction  of  ambient  air 
through  «ix  channels  protruding  from  the  ejector 
flurffles  into  the  gas  otraoma.  This  ejector,  lae t 
digit  3,  line  channel*  protruding  the  maximum 
distance  into  the  gas  stream. 

Incorporating  a  channel  ejector  with  Ibbh  pro- 
true  ion, 


0.  6,  9) 


Incorporating  a  channel  ejector  with  » Li  1 1  less 
protrusion, 


U<  6,  6) 


(3-  %  0) 


(3,  9,  1) 


(0,  0,  0) 

(A,  0,  7) 


Incorporating  a  channel  ejeetor  with  the  minimum 
protruaion. 

Four- lobe  anal  loped  primary  nozzle  and  concentric 
circular  secondary  nozzle,  Mo  ejector, 

Same  ns  (3,  9,  0)  with  addition  of  baste  a*r If 2 1 9 
ejector. 

Model  of  turbojet  nozzle, 

Turbojoct  nozzle  with  model  of  ejector  used  in 
ine  YF-1BA  aircraft, 


(6,  0,  8) 


Turbojet  nozzle  with  ojui  iui  (joumatf  leslly 
similar  to  WTF2I9  ejector,  but  scaled  lo  turbojet 
nozzle  bIbs 
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Sound  data  on  thf  b  group  of  nozzles  aro  prog  on  tod  In  tho  form  of  maximum 
overall  nound  prasitura  level  (OASPL)  and  maximum  PNdb  as  a  funclicm  of 
primary  Jet  velocity.  Primary  jot  volocity  ie  n  convenient  coordinate  ainca, 
in  the  absence  of  duct  beating,  the  secondary  velocity  ia  nuffielantly  low 
tlial  it  will  generate  negligible  noise.  The  levele  presented  nro  computed 
for  a  full-flcala  nozzle  at  a  constant  altitude  or  sideline  distance  of  200 
foot. 

Daflie  nozzle  results  without  duct  hasting  are  shown  In  Figure  8-32  for 
configurations  (1,  6,  0)  and  (1,  6,  1)  and  form  a  rafaroncs  for  comparing 
other  nozzle*.  It  ia  seen  that  there  lo  no  (significant  difference  attributable) 
to  Che  addition  of  the  basic  STF219  ejector  over  the  primary  volocity  range 
tested,  confirming  the  raoulta  reported  during  Phase  II-A, 


Figures  9-33  and  0-34  present  the  noise  ehai'acteristlcs  of  tha  four  channel 
ajactorfi,  configurations  U  i  6,  3),  (1,  6,  4),  (1,  6,  3)  and  ( 1 ,  6,  6),  Thaso 
ejectors  are  constructed  with  six  oqulangularly-opncecl  channels  protruding 
Inwardly  from  the  outer  surface  of  the  ejector  shroud  to  allow  the  induc¬ 
tion  and  mixing  of  ambiant  air  with  the  gaa  otvoama.  Ejector  3  has 
channels  protruding  the  maximum  distance  Into  Lha  interior,  ejectors 
defllgnaled  4  and  3  have  successively  less  protrusion,  and  Lha  final 
member,  6,  line  the  minimum  channel  protrusion.  Figure  8-33  compares 
ejectors  (1,  6,  3)  and  (1,  6,  4)  with  tha  standard  ejector,  (1,  6,  l).  Tha 
renting  for  tho  other  channel  ejectors,  (1,  6,  5)  and  (l,  (>,  6),  are  com¬ 
pared  with  the  standard  In  Figure  8-34.  In  these  figures,  linen  have  boon 
drawn  to  fit  the  standard  ajactor  data  points.  Because  of  the  relatively 
largo  scatter  of  lha  channel  ejector  data,  no  curves  ware  drawn  for  these 
data,  It  will  be  noted  that  no  significant  reduction  le  achieved  on  a  maxi¬ 
mum  OASPL  basis  by  those  apodal  ejeclora,  and  that  on  a  PNdb  basis 
they  actually  ganarutod  somewhat  higher  levels  of  noise,  Examination 
of  the  detailed  nvountiv  data  reveals  that  the  increased  leva  la  are  due  tv 


a  slight  forward  shift  in  the  radiation  pattern  and  to  some  increase  In 
the  high  frequency  noiaa  content. 


The  next  group  of  results  concerns  performarics  of  a  special  primary 
nozzle  having  four  lobes  or  ecnllopn  in  the  exit  piano,  The  outer  boundary 
of  the  duel  nozzle  Is  a  cnplanar  concentric  circle,  so  that  thu  exhaust 
streams  emerge  us  alternating  primary  and  secondary  lobe  reglona. 

Overall  sound  pressure  level  and  PNdb  for  thin  nozzle  by  Unelf,  (3,  3,  0) , 
uml  with  tha  standard  ejector,  (3,  5,  1),  are  shown  In  Figure  8-36,  and 
dieiclooo  no  significant  ejector  affect.  Figure  8-36  compares  tills  scalloped 
nozzle  will)  the  basic  nozzle,  (1,  6,  0),  both  without  ajar* tor,  The  OASPL 
curve  In  Figure  ti-36  shows  the  progressively  Increasing  nuppraSaion  of 
a  multiloba  nozzle  as  velocity  inci'aaaea.  A  Bound  praewurn  level 
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reduction  of  about  six  db  at  2000  feat  per  second  Joi.  velocity  results  for 
the  acallopod  nozzle.  On  a  PNrlb  basis  at  2000  foot  per  second,  a  throe 
PNdb  reduction  ;b  achieved;  this  is  roducad  to  zero  at  a  jot  velocity  of 
1700  feet  per  second,  where  the  PNbd  from  the  two  nozzles  is  tho  same. 
Figure  8-37  compftro*  the  basic  and  scalloped  nozzle  configurations  In¬ 
corporating  ejectors,  and  allows  tho  samo  effect. 


A  model  of  a  turbojet  converging  nozzle  wao  designed  and  fabricated  from 
tantalum-  1 0W  alloy  to  parrplt  running  at  simulated  afterburner  conditions 
with  ejectors.  Duo  to  ran  trie  lions  of  the  lest  schedule,  It  was  not  possible 
to  obtain  data  with  tho  special  high- temperature  burner  required,  tho 
results  are  limited  to  about  2200  feat  par  Beconcl,  Throe  configurations 
were  ovaluntod:  (8,  0,  0),  the  basic  nozzle,  and  two  configurations  in¬ 
corporating  ejectors,  (0,  0,  7}  and  (8,  0,  8).  The  ejector  designated  by 
7  was  patterned  after  tho  design  used  in  tho  \F-  12A  for  which  full-scale 
sound  data  were  previous ly  given  In  the  Phs  «?  II -A  report.  The  other 
model  ejector  used  in  those  tests,  n*  mbt  ,  was  geometrically  similar 
to  tho  8TF219  basic  ejector,  number  .  a  seals  such  that  the  ratio  of 
ejector  throat  diameter  to  total  nozzle  diameter  was  the  same, 


Examination  of  Figure  8-38  shows  that  on  a  PNdb  basis  there  wns  little 
significant  distinction  between  the  turbojet  ncr-rde  whon  running  by  itself 
or  with  either  of  tho  two  ejectors  in  the  jet  velocity  rongo  up  to  2200  fool 
per  second,  On  the  basis  of  maximum  OA8PI,,  Figure  8-38,  tho  throe 
configurations  wore  also  essentially  the  same  at  the  high  end  of  this 
velocity  range,  As  Jot  velocity  was  reduced,  however,  tho  sound  pros- 
flare  levels  of  ejector  number  8  did  not  decrease  ns  much  ns  those  of 
the  basic  noBs.lo  by  Itself  or  with  ejector  number  ?,  A  study  of  the  noise 
npectra  of  the  configurations  revealed  the l  the  higher  OA3PL  values  for 
ejector  7  were  duo  to  a  relative  increase  of  tho  first  two  or  throe  octaveo, 
tho  higher  octave  levels  corresponding  quits  closely  with  thum*  uf  the  other 
configurations,  This  circumstance  accounted  for  the  lack  of  a  significant 
difference  among  tho  three  configurations  in  the  PNdb  comparlaon,  From 
the  amount  of  Information  presently  available,  it  was  not  possible  to  find 
a  cause  for  the  increased  low  frequency  characteristics  of  the  number  7 
ejector  which  Is  geometrically  similar  to  the  modal  uoad  with  tha  turbofan 
configuration  (1,  6,  1).  On  tho  lurbofnn  model,  this  ejector  did  not 
materially  change  the  basic  nozzle  noise  characteristics, 


Those  ojoslorti  ware  made  to  provide  for  variations  of  position  with 
respect  to  the  exit  plane  of  die  nozzle,  and  further  testing  In  which 
this  feature  la  examined  would  be  a  first  stop  in  continued  studios 
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b ,  Nozzlae  With  Duct  Heating 

A  water* coolad  modal  of  the  STF219  exhaust  nozzle  system  was  fab¬ 
ricated  during  Phase  II-A  to  provide  noise  information  in  the  operating 
range  where  duct  heating  is  used.  The  engine  cycle  calls  for  a  varia¬ 
tion  of  the  duct  nozzle  area  as  the  amount  of  duct  heat  is  changed,  Since 
a  variable  area  nozzle  would  have  bean  excessively  difficult  to  fabricate 
In  small  scale,  two  separata  duct  nozzles  were  made  to  run  interchangeably 
with  q  common  primary.  Of  those,  the  one  with  the  greatest  area,  cor- 


responding  to  the  maximum  duct  heat  condition,  was  used  together  with 

tho  primary  nozzle  for 

tests  reported  hare.  Model  noise  studies  wore 

made  for  tho  following 

configurational 

Designation 

Identification 

(2,  3,  0) 

Water-cooled  primary,  Water- cooled  secondary 
or  duct  nozzle  having  max  area.  No  ejector, 

(2,  3,  1) 

The  basic  (2,  3,  0)  configuration  with  tha  addition 
of  the  basic  ejector,  1, 

(2,  3,  3) 

Ualng  tho  maximum  protrusion  channel  ejector, 

3,  in  place  of  tho  basic  ejector,  Thin  part 
was  described  In  tha  previous  section, 

<2,  3,  4)  ) 

Configuration!,  using  channel  ejectors  described 

(2,  3,  5)  } 

(2,  3,  6)  ) 

in  tho  previous  section, 

During  checkout  of  tha  basic  (2,  3,  0)  configuration,  it  wan  found  that 
hast  loss  to  the  wfttel'^coolod  wall  surfaces  of  the  model  mvl  rig  pre¬ 
vented  attainment  of  the  desired  high  duct  temperatures,  This  condition 
led  to  tho  redesign  of  certain  rig  parts  and  construction  of  a  new  model 
using  tantalum*  10W  alloy  which  was  proviouoly  described.  While 
awaiting  completion  of  the  tantalum  parts,  tho  original  water-cooled 
model  was  run  within  a  limited  range,  With  primary  velocity  hold  at 
approximately  1950  foot  per  second,  tho  duct  velocity  was  successively 
set  at  approximately  1900,  2100,  and  2400,  foot  per  second. 

Slnco  both  streams  were  operating  In  tho  same  general  velocity  range 
and  thus,  generating  noise  lovala  that  were  not  very  far  apart,  the 
observed  nolee  levels  could  not  very  well  bo  related  to  a  single  stream 
velocity  each  as  was  done  for  tho  test  program  wiLhout  duct  heat,  Also, 
since  the  actual  velociltnn  measured  during  operation  nt  a  particular 
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test  condition  departed  randomly  from  the  nominal  target  values,  a 
tabular  presentation  of  the  noise  of  different  configurations  did  not  provide 
the  best  means  of  comparison.  Accordingly,  a  data  presentation  pro¬ 
cedure  was  evolved  wherein  the  observed  maximum  OASPL  and  PNdb 
values  were  plotted  against  a  parameter  incorporating  the  two  stream 
conditions.  This  parameter  was  the  predicted  maximum  OASPL,  that 
would  result  from  the  superposition  of  the  two  sound  fields  if  each  jet 
generated  a  noise  level  calculated  for  a  standard  circular  nozzle  of 
appropriate  area  at  the  corresponding  stream  com.  itions. 

Specifically,  the  performance  data  taken  during  the  running  of  each  sound 
survey  determined  the  velocity  and  density  of  each  stream.  The  standard 
procedure  given  in  the  SAE-A2]  report,  "Procedures  for  Jot  Noise  Pre¬ 
diction",  was  used  to  obtain  the.Dvadicted  maximum  OASPL,  for  each  stream, 
and  the  two  lovola  were  combined  to  give  the  total  predicted  maximum 
OASPL,  against  which  the  observed  values  were  plotted. 


Figure  0-39  presents  observed  versus  predicted  sound  pressure  levels 
for  the  basic  water-cooled  model,  The  three  upper  points,  shown  as 
clrclos,  are  for  the  three  operating  points  (duct  velocity  values)  mentioned 
above  on  the  configuration  (2,  3,  0)  without  ejector,  Addition  of  the 
ejector,  configuration  (2,  3,  1),  generated  the  points  represented  by 
squares;  the  ejector  was  shown  to  produce  a  noise  reduction  of  about 
three  db,  If  tbo  corresponding  circle  and  square  symbols  are  examined 
on  n  PNdb  bade  in  Figure  8-39,  a  similar  throe  PNdb  reduction  may  bo 
credited  to  the  standard  ejector. 

A  unit  slope  lino  through  equal  predicted  and  computed  OASPL  points 
was  drawn  in  Figure  8-39,  and  It  is  soon  that  the  data  for  the  modal 
without  the  ejector  fail  within  two  to  throa  db  of  their  predicted  values. 
Four  other  points  arc  shown  triangles.  Tile  solid  triangle  represents 
a  single  condition  with  the  duct  burner  turned  off  and  unhe  a  tod  secondary 
air  flowing  around  the  hot  primary.  This  point  falls  about  four  db  below 
the  predicted  OASPL  and  may  reflect  a  slight  beneficial  interaction 
affect.  The  other  throe  unfilled  triangles  represent  conditions  with  the 
primary  stream  burner  turned  off  and  the  secondary  stream  operated 
at  the  three  duct  stream  velocities.  This  mode  of  operation  does  not 
correspond  to  any  full-scale  condition,  but  it  may  bo  of  some  interest 
to  note  that  those  points  fall  about  nine  db  below  their  predicted  sound 
pressure  levels,  Parenthetically,  a  unit  slope  line  was  not  drawn  on 
Figure  8*39  for  the  PNdb  data,  since  there  Is  no  unique  correspondence 
between  PNdb  and  OASPL. 


This  basic  model  was  also  operated  with  the  channel  ojoctors  previously 
run  without  duct  heat,  Figure  0-40  comparos  the  configurations  (2,  3,  3) 
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and  (2,  3,  4)  with  the  nozzle  without  an  ejector,  configuration  (2,  3,  0), 
and  shows  about  eight  db  OASPL  reduction  but  a  PNdb  drop  of  only 
about  two  db.  A  more  significant  comoarison  is  shown  in  Figure  8-41 
which  shows  the  performance  of  the  channel  ejectors  and  the  basic  ejector. 
Whereas  either  of  the  channel  ejectors  reduced  the  basic  ejector  sound 
pressure  level  by  about  five  db,  there  was  a  total  lack  of  reduction  in  the 
associated  preceived  noise  level.  While  this  is  hardly  a  desirable  result, 
it  is  of  interest  to  compare  the  nerformance  of  these  ejectors  under  duct 
heat  conditions  with  the  corresponding  results  without  duct  heat,  Figure 
8-33,  Without  duct  heat  there  was  no  significant  change  in  OASPL  for 
any  of  the  ejectors.  On  a  PNdb  basis,  while  the  basic  ejector  produced 
no  change,  the  channel  ejectors  actually  tended  to  raise  the  noise  levels. 
Increasing  the  secondary  stream  velocity  by  partial  duct  heating  apparently 
allowed  the  basic  ejector  to  produce  a  modest  suppression  of  three  db  and  three 
PNdb,  The  auxiliary  air  channels  in  the  special  ejectors  begin  to  produce 
the  desired  effect,  but  further  work  is  needed  to  clarify  their  performance. 

The  tantalum- 10W  alloy  model  of  tho  STF219  nozzle,  configuration  (7,9,0), 
was  assembled  and  mounted  for  running  up  to  the  maximum  duct  heat 
operating  conditions,  After  a  brief  checkout,  a  sound  run  was  being 
conducted  when  a  failure  occurred  in  a  water-cooled  spacer  ring  con¬ 
necting  the  tantalum  portion  of  the  primary  nozzle  to  the  burner  rig, 

This  assembly  showed  significant  damage,  and,  although  the  major 
tantalum  components  are  reusable  with  little  or  no  repair,  it  was  not 
possible  to  restore  the  model  to  operable  condition  in  time  for  completion 
of  this  phase  of  the  program, 

5,  CONCLUSIONS 


Over  the  jot  velocity  range  attained  during  this  program,  none  of  the 
special  nozzles  or  ejectors  demonstrated,  impressive  noise  reductions. 

Small  noise  reductions  wore  obtained  at  the  highest  jet  velocities  reached, 
the  most  significant  trend  bolng  shown  by  the  scalloped  nozzle,  For  this 
nozzle,  a  progressive  increase  in  suppression  resulted  with  jet  velocity 
Increase,  It  is  expected  that  thla  trend  would  continue  with  attainment 
of  maximum  velocities . 


file  acoustic  performance  of  the  standard  ejector  and  the  channel  ejectors 
is  less  clear  than  the  case  of  the  scalloped  nozzle.  For  operation  without 
duct  heat,  the  basic  ejector  did  not  change  the  sound  pattern  of  the  basic 
nozzle;  however,  with  the  duct  stream  partially  heated  and  discharging 
from  the  larger  secondary  nozzle  designed  for  the  maximum  duct  heat 
point,  a  slight  suppression  was  achieved  by  this  ejector  in  the  velocity 
range  tested,  The  special  channel  ejectors  that  wore  tooted  showed 
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no  advantage  over  the  standard  ejector,  but  they  tended  to  improve  with 
the  use  of  duct  heating  and  may  become  attractive  for  higher  duct  heat 
conditions. 

It  is  concluded  that  further  work  is  needed  in  the  high  ict  velocity  range 
to  properly  evaluate  these  suppression  systems,  and  that  more  extensive 
study  of  the  effect  of  changing  nozzle  and  ejector  shape  can  be  expected 
to  lead  to  improved  suppression  results. 


E.  .FULL-SCALE  BLOW-IN-DOOR 
EJECTOR  NOISE  TESTS 


1.  GENERAL 


Analysis  of  noise  data  recorded  during  fly --over  s  of  the  YF-12A  air¬ 
plane  suggested  that  the  blow-in-door  ejector  nozzles  used  on  the  air¬ 
plane  were  providing  some  exhaust  noise  suppression.  Because  of  the 
manner  in  which  the  data  were  obtained,  it  was  not  possible  to  obtain 
a  direct  comparison  of  the  effect  on  noise  of  the  ejector  nozzle.  To 
obtain  a  direct  comparison  of  the  effect  of  the  ejector,  a  boiler-plate 
model  of  the  STF219  ejector  was  built  and  noise  tested  on  a  full-scale 
J57  afterburning  jet  engine.  30  hours  of  testing  were  conducted  on  this 
engine  during  Phase  II- B. 

2.  RESULTS 

A  series  of  tests  were  conducted  on  the  J57  engine  at  the  Pratt  & 
Whitney  Aircraft  outdoor  noise  test  facility.  Included  in  the  test 
series  were  three  baseline  tests  of  the  engine  with  a  standard  circu¬ 
lar  nozzle,  two  teste  with  the  basic  ejector,  and  tests  of  five  variations 
of  the  ejector  nozzle.  The  following  table  provides  an  index  to  the  test 
results, 


Configuration 

Baseline 

Basic  Ejector 

Ejector  with  Airscoops 

Ejector  with  Mixers 
Fully  Extended 


Figure  8-42 
F igure  8-44 
Figure  8-46 
Figure  8-48 


Plotted  Results 

Figure  8-43 
Figure  8-45 
Figure  8-47 
Figure  8-49 
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Configuration  Photograph  Plotted  Results 

Figure  8-49 

Figure  8-51 
Figure  8-52 
Figure  8-53 

Figure  8-55 


Significant  engine  performance  parameters  are  summarized  on  Figure 
8-56.  Results  of  the  noise  tests  showed  that  only  a  small  reduction  in 
noise  was  measured  with  the  basic  ejector  installed.  Typical  spectra 
are  shown  in  Figure  8-57. 

Noise  data  from  tests  with  the  eight  U-shaped  mixers  in  the  exhaust 
gas  stream  are  shown  in  Figure  -8-49.  The  mixers  were  fully  extended 
during  nonafterburning  operation  with  the  exhaust  nozzle  closed.  During 
afterburning  operation,  with  the  exhaust  nozzle  open,  the  mixers  were 
only  partially  extended.  Although  the  noise  at  maximum  powere  was 
reduced  by  about  five  PNdb  by  the  mixers,  the  thrust  loss  was  large 
enough  to  completely  offset  the  noise  suppression  achieved  by 
mechanically  mixing  the  engine  gas  stream  with  the  blow-in-door 
airflow.  At  all  engine  power  settings  below  the  maximum  dry  rating, 
a  noise  increase  was  measured  when  the  mixers  were  extended  into 
the  gas  stream. 

Airflow  through  the  ejector  as  a  function  of  engine  power  setting  is 
shown  in  Figure  8-58.  Although  substantial  reductions  in  ejector  flow 
resulted  from  relocating  the  ejector  nearer  to  the  engine  nozzle,  the 
noise  levels  at  a  given  engine  power  setting  were  not  affected  signifi¬ 
cantly. 
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Ejector  with  Mixers  None 

Partially  Extended 

Ejector  Relocated  8"  Forward  Figure  8-50 

Ejector  Relocated  5"  Forward  None 

Ejector  with  Blow-in-Door  None 

Area  Half  Blocked 

Ejector  with  Blow-in-Door  Figure  8-54 

Area  One-Quarter  Blocked 


CONFIDENTIAL 


mion 


CONFQD8NT0AI. 


phatt  t 


WHITHSY  AIRCRAFT 


t  ' 

! 

PWA-2600  ' 


Blockage  of  the  blow-in-door  areas  to  create  noncircular  cross  sec¬ 
tional  growth  of  the  jet  exhaust  plume  apparently  had  no  significant 
effect  on  noise  as  shown  on  Figures  8-153  and  8-55.  Near-field  noise 
levels  with  and  without  the  ejector  are  shown  in  Figure  8-59. 

3.  CONCLUSIONS 

«  No  significant  reduction  in  noise  resulted  from  installation  of  an 
ejector  nozzle  on  the  test  engine. 

*  Mechanically  mixing  the  jet  exhaust  gasses  with  the  ejector 
flow  did  result  in  significant  noise  reductions.  However,  the 
performance  losses  of  the  crude  device  tested  was  excessive, 
and  better  results  may  be  obtainable  with  other  type  mixers, 

*  Closing  some  of  the  blow-in  doors  would  not  enhance  the  noise 
suppression  from  an  ejector. 

«  Noise  generation  is  not  sensitive  to  ejector  airflow. 

4.  RECOMMENDATIONS 

Further  development  of  the  SST  engine  exhaust  system  to  provide  noise 
suppression  is  required.  The  development  of  noncircular  fan  discharge 
nozzleB,  which  would  increase  the  outside  perimeter  of  the  fan  stream, 
appears  to  be  a  more  satisfactory  approach  than  the  installation  of 
mixers  in  the  ejector  shroud. 

5.  DESCRIPTION  OF  TEST  EQUIPMENT 

The  engine  used  for  the  test  series  was  a  standard  J57-P-55  after¬ 
burning  turbojet  engine.  This  engine  is  the  type  used  to  power  the 
F-101  airplane.  The  exhaust  stream  diameter  at  the  ejector  throat 
for  maximum  engine  power  was  used  as  the  reference  dimension  in 
scaling  the  STF219  engine  ejector  design  to  J57  engine  size.  The  ratio 
of  ejector  throat  area  to  engine  stream  area  was  held  to  scale,  and 
linear  dimensions  were  scaled  based  on  the  exhaust  stream  diameter. 

Although  the  ejector  was  not  physically  attached  to  the  engine,  it  was 
mounted  so  that  any  thrust  changes  which  resulted  from  its  installation 
were  reflected  in  the  stand  thrust-meter  reading.  The  structure  used 
to  support  the  weight  of  the  ejector  shroud  section  did  not  constrain 
motion  in  the  fore  and  aft  direction,  so  thrust  loads  were  not  affected. 
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6.  METHOD  OF  TEST 

Outdoor  noise  tests  on  the  full-scale  engine  were  conducted  at  an  out¬ 
door  test  stand  located  in  a  remote  area  at  Bradley  Field  airport  near 
Windsor  Locks,  Connecticut,  Several  features  of  this  stand  which 
make  it  ideally  suited  for  noise  tests  are: 

»  Low  ambient  noise  levels. 

«  Carefully  graded  and  cleared  ground  surface, 

•  Facilities  and  instrumentation  for  engine  performance  measure¬ 
ment  . 

•  Permanently  installed  instrumentation  for  monitoring  meteor¬ 
ological  conditions, 

«  A  permanently  installed  system  of  20  microphones  spaced  along 
a  150-foot  arc  centered  on  the  engine  exhaust  nozzle.  This  sys¬ 
tem  is  used  for  far-field  noise  measurements , 

•  Provisions  for  the  installation  of  microphones  in  any  desired 
pattern  in  the  near-field  of  the  engine. 

•  A  permanently-inBtallc  ound.  data  recording  console  which 
includes  a  14-channel  magnetic  tape  recorder,  mlcrophonj 
power  supplies,  and  system  calibration  equipment. 

An  aerial  view  of  this  facility  is  shown  in  Figure  8-60,  Figure  8-61 
shows  the  exact  microphone  locations.  The  sound  data  recording  con¬ 
sole  is  shown  in  Figure  8-62,  During  the  last  five  years,  near'  »  200 
engine  sound  teste  have  been  conducted  using  this  facility. 


Noise  levels  were  measured  at  several  engine  power  settings  from 
idle  thrust  to  maximum,  afterburner  thrust.  Operation  of  the  engine 
over  only  a  email  range  of  afterburning  powers  was  possible  because 
the  engine  had  only  a  two-position  exhaust  nozzle.  After  the  onginu 
operation  was  stabilized,  signals  from  each  microphone  wore  tape 
recorded  for  at  least  30  seconds.  Readings  of  engine  performance 
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parameters  which  are  of  intoroat  to  the  analysis  of  notes  data  ware 
also  lugged  at  each  point. 

In  order  to  onouro  that  the  noiae  data  wars  not  Invalidated  by  adverse 
meteorological  conditions,  tooling  was  conducted  only  during  condition* 
of  low  wind  and  no  precipitation,  MeaeuromaiHB  of  ambient  tempera* 
lure,  barometric  pressure,  and  relative  hlmbllty  wore  made  periodl- 
cally  during  each  noise  teat. 

?,  DATA  ANALYSIS 

Reduction  of  the  tape  recorded  noise  data  was  accomplished  using  the 
octave  band  analysis  console  shown  In  Figure  A- 63,  This  console 
sampled  and  analysed  for  at  laaat  20  seconds  Ilia  noise  level  in  each 
of  the  eight  octave  bands  between  37,3  and  9600  epe,  and  provided  a 
digital  read-out  which  was  recorded  on  punched  computer  cards ,  This 
console  wuo  specially  designed  and  built  by  the  electronics  section  of 
Pratt  &  Whitney  Aircraft  *o  satisfy  requirements  for  the  rapid  reduc¬ 
tion  of  noise  data,  and  has  boon  in  continuous  use  since  I960, 

The  punched  cards  containing  the  octave-band  noise  levels  were  used 
aa  the  Input  to  digital  computers  which  ware  programmed  to  apply 
factors  to  correct  for  the  electrical  response  of  the  measuring  nyatom 
and  tape  recorder,  and  for  ihc  acoustical  response  of  tho  mlcrophoneu , 
The  corrected  far -field  data  ware  (hen  extrapolated  by  other  computer 
programs  from  the  130-fool  radius  at  which  they  are  measured  to  a 
parallel  line  at  a  distance  of  200  feet  from  the  angina,  Nolen  levels 
along  a  parallel  line  are  more  meaningful  for  the  analysis  of  take-off 
and  landing  noise  as  they  belter  Indicate  fly-over  noise  peaks. 

8,  CALIBRATION  OF  ACOUSTIC  INSTRUMENTATION 

Figure  8-64  shows  some  o(  the  equipment  used  in  the  periodic  frequency- 
rosponoo  calibration  of  the  capacitance-type  microphones  used  for  lull- 
Bcolo  engine  sound  tesla,  The  tonal!  anecholc  chamber  is  used  to 
calibrate  periodically  the  response  of  a  transfer  standard  microphone 
against  our  standard  (a  Western  Electric  Co.  condenser  microphone, 
typo  64GAA)  which  was  calibrated  by  the  National  Bureau  of  Standards, 
Each  of  tho  20  loot  microphones  was  calibrated  prior  to  this  series  of 
ejector -no  a  ale  nolflet  tests  agulns!  the  transfer  standard  using  n  pressure 
calibration  technique  which  covered  the  fraquoncy  range  from  20  to 
10,000  eps 
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The  sanoillvlty  of  each  last  rnicraphoita  was  dnienrilnod  dally  during 
tho  lest  eorioe  by  iho  use  of  a  transistor  oscillator  driven  acoustic 
calibrator.  The  output  level  of  Lhio  calibrator  was  adjusted  using  the 
primary  standard  microphono, 

Electrical  losses  in  Die  microphone  ayatoms  were  doiermlned  by  in* 
darling  elneirieal  test  signals  a!  the  mlc  rophonti  and  monitoring  the 
output  level  of  the  inserted  signals  at  the  recording  consols,  The  res- 
ponne  of  the  rsoording  and  play-bacit  tape  recorders  and  the  octavo 
band  analysis  console  were  detfli'iTilned  from  recordings  of  bo'b 
broad-band  random  and  sine  wave  Lest  signals  on  each  magnetic  tape 
used  during  ilia  lest,  HgbuIlb  of  these  calibrations  determined  the 
factors  which  were  used  in  the  computer  program  to  correct  the  noise 
data  in  each  of  ilia  eight  oGtave  hands  from  3 ? . 3  to  96OO  epe, 

9,  DlSCUbdfOM 

The  mixers  ussd  through  the  ejector  shroud  for  till  a  serins  of  tasls 
were  formed  from  steel  tubes  through  which  cooling  water  was  flowed, 
However,  water  was  not  discharged  into  the  exhaust  stream,  It  Is 
quite  possible  that  mixers  of  other  shapes  could  have  provided  better 
mixing  with  loss  thrust  loss,  but  the  ones  used  should  be  representative 
of  the  type  of  re-jits  obtainable,  in  general,  a  high  thrust  lo„  *  can  be 
expected  to  result  from  placing  devices  in  the  Jot  exhaust  stream  through 
the  ojeotor  shroud, 

As  ilia  mod„l  ejector  was  fabricated  Will)  fixed-position  blow -In-doors, 
metal  pluioa  were  insulted  over  the  door  openings  to  simulate  operation 
with  some  of  the  doors  Closed, 


Noise  levels  measured  during  lake -off  fly-overa  of  tlm  YF-J2A  airplane 
ware  the  basis  for  expecting  a  reduction  In  noise  from  a  blow* In-Uoar  ejector 
At  ilia  t!<no  these  data  were  obtained,  no  other  data  wars  available  to 
hidlcai  s  effacl  uii  noise  of  an  ejector  during  afterburning  engine  opera* 
Don,  Itesulls  of  this  sarlo*  of  noise  lusts,  which  Involved  an  ejector 
which  was  not  markedly  dis-similar  from  (hat  used  on  tho  YF-I2A,  have, 

In  general,  not  confirmed  thu  axpeeiad  suppression  characteristic*  n i 
llie  ejector, 


It  has  recently  coma  to  light  that  other  detail#  of  the  engine  exhaust  system 
may  have  boon  responsible  for  the  nolss  reduction  attributed  to  ihe  ajoctur, 
our  of  the  five  lake-off  fly  ovu  r#  were  rsctirderi  from  air  plain,  a  powered 
by  engines  having  "toothed"  primary  uoititleu  Those  airplanes  wore  less 
noisy  limn  ihs  one  with  the  circular  ito?,g|a,  and  lene  noisy  titan  would  ho 
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predicted  from  flip  9AL5  noiao  calculating  procedure .  This  comparison 
Is  shown  on  Figure  0*69, 

/ 

Fur  the?  data  (o  BiibetnnUnta  the  ballef  that  Ilia  toothed  no?, ala  may  have 
provided  tho  noise  suppreaBlon  observed  from  the  YF-12A  nlrplane  ex* 
itniisi,  system  are  shown  in  NACA  Technical  Mete  4261,  Included  in  this  i 

note,  entitled  "Acoustic,  Thrum,  and  Drag  Characteristics  of  Several 
Full-Scale  Noise  Suppressors  for  Turbojet  Engines",  are  data  on  a  noeule 
configuration  Incorporating  a  "flapped"  primary  noazle  and  ejector,  This  1 

configuration,  shown  in  Figaro  ft  -  66 ,  was  reported  to  provide  a  reduction  ‘ 

In  noise  ui  about  the  magnitude  originally  attributed  to  the  YF-12A  blow* 

In*  oor  ejector  It  was  also  mentioned  that  the  use  of  the  ejector  without  ; 

the  flap  iipb?#Iu  showed  no  significant  noise  suppression.  ■ 


JT,  ANALYSIS  OF  TOTAL  BBT  A  lit  PLANE  NOISE 


1.  GENERAL 

Analytical  madias  wore  conducted  to  determine  the  potential  commu¬ 
nity  noiao  problems  which  may  result  from  operation  of  SST-type 
airplanes,  ReaulCo  Indicated  that  take-off  noise,  rather  than 
approach  notes,  is  the  cause  for  greatest  concern.  Moles  during  take¬ 
off  ia  generated  largely  by  the  high  velocity  exhaust  wake  from  the 
duet-  burning  turbofau  nr  afterburning  turbojet  SST  powerplnnt-s.  A  a 
shown  in  Figure  0 - 1 ,  the  engines  designed  tor  uea  on  BBT  alrplanso 
will  be  capable  of  producing  substantially  more  noise  energy  than 
those  used  on  any  current  commercial  Jet  transport,  and  somewhat 
more  noise  than  the  unouppressed  Jet  engines  used  on  many  military 
airplanes,  This  figure  point*  up  the  fuel  that  the  BST  airplane  will  not 
rover  an  the  unfortunate  long-time  trend  toward  more  powerful  engiiioo 
which  inherently  generate  more  noise,  The  SBT  has  one  noise  ad  'outage, 
however,  which  la  not  shared  by  most  of  the  other  airplanes  shown  In 
Figure  fj-i,  This  is  an  excess  of  take-off  thrust  which  will  allow  re¬ 
duced  power  take-off  operating  procedures  which  will  result  in  lower 
lake  -off  noise  levels, 
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2  DISCUSSION 
n .  Taka-off  Noise 

In  erdor  to  unsure  that  noise  wan  considered  In  Ilia  baole  design  of  ilia 
S3T,  noise  goals  ware  established  by  the  FAA.  Tnka-off  goals  wore 
established  for  both  sideline  noise  and  noise  at  a  point  ihrua  miles 
from  the  st< .  rt  of  the  take-off  roll.  Ao  airplane  design  aludlso  have 
progressed  and  Improvements  In  airplane  pa r forma nco  have  been 
made,  ilia  noise  goal  levels  have  been  reduced, 

b.  Sideling  Noise 

Noise  levels  at  1500  feel  from  and  parallel  to  ilu*  SST  airplane  on  the 
ground  are  shown  ae  a  /unction  of  engine  thrum  In  Figure  0»fa7,  Ab 
shown  by  the  figure,  the  turbofan  eye  Is  engine  at  maximum  power 
without  duct  heal  can  meet  the  currant  116  PNab  aidelina  noise  goal, 
The  turbojet  cycle  anginea  mud  be  operated  at  considerably  lean  than 
maximum  nonaflerburning  power  to  meet  the  goal,  It  should  also  be 
noted  that  the  goal  noise  level  is  in  oxeoss  of  the  noise  from  current 
Jet  airplanes. 


e ,  Xhjj£JtlMU&  Point  Noiee 


Peak  noise  levels  both  beneath  and  to  the  side  of  the  flight  path  of 
BBT  airplanes  are  ohown  in  Figure  0-60  and  6-69'  The  levels  shown 
aro  (or  the  angle  of  poult  noise,  ueually  135  degrees,  to  the  rear  of 
the  airplane-  The  width  of  the  bands  was  established  by  the  differences 
In  performance  of  current  BBT  airplane  designs,  A  large  variation 
In  noise  level  duo  to  airplane  altitude  variations  results  directly 
beneath  the  flight  path,  with  a  lesser  variation  to  the  side. 


Notne  levels  Just  prior  to  power  cutback  tor  ft  maximum  power  lukeu 
o/f  are  ahown  in  Figure  fl-60,  Figure  0-69  shows  the  notea  lovols  for 
a  reduced  power  take-off,  the  powor  being  reduced  to  that  required  to 
Just  meet  the  1000-fool  sideline  noise  goal-  Noise  levels  directly 
beneath  Hie  flight  path  are  not  affected  greatly  by  the  take-off  method 
used  because  the  airplane  having  the  tower  power  nailing,  and  there¬ 
fore  generating  less  exhaust  noise,  has  gained  less  altitude  than  the 
ulrplnna  which  has  used  maximum  power.  A  substantial  difference 
111  noise  is  nulad.  however,  when  arena  to  the  tilde  of  lliei  flight  path 
ara  coiielderori,  the  reduced  power  lake-off  being  less  noisy, 
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After  power  outbade  to  a  500- foot  per  minuto  climb  rata  at  the  throo- 
mlle  point,  the  noise  from  the  SST  compares  favorably  with  oiiboonic 
Jolfl  as  oliown  on  Figure  B-70,  Thu  largo  spread  in  lovela  beneath  the 
flight  path  of  tho  SST  ii»  the  reault  of  several  variables  such  no  air¬ 
plane  performance,  engine  typo,  and  flight  procedure  used. 

With  n  duct-burning  turbofnn  cycle  angina,  potential  for  furthar  nolao 
reduction  exists  from  tho  uuo  of  low  loveile  of  duct  boat  in  tho  range 
of  powers  noaded  for  &  climb  rato  of  300  foot  par  minuto,  Lowor 
noisa  at  a  given  reduced  thrust  may  rooult  from  decreasing  tho  exit 
velocity  of  the  primary  engine  and  increasing  the  velocity  of  tho  duct 
stream  by  burning  fuel  In  Lha  duct,  A  not  nolao  reduction  of  about 
2,  3  PMdb  should  result  as  the  noise  decrease  resulting  from  the 
reduction  In  primary  Jot  velocity  1*  offset  only  partially  by  tho  iiicroaae 
in  fan  duct  exhaust  noise,  An  additional  engine  control  lover  would  ba 
required  to  allow  this  typo  of  operation, 

After  the  88T  1ms  reduced  power  to  meet  the  three*  mile  point  noise 
goal,  it  must  at  oemo  point  resume  climb  by  Increasing  power.  This 
can  be  done  in  several  ways,  One  way  would  bo  to  increase  power 
gradually  with  time,  to  keep  the  noise  bant&th  fcho  airplane  about 
constant  at  105  PNdb  until  climb  power  in  reached,  Tho  method  of 
resuming  power  after  the  airplane  has  passed  beyond  the  throe-mile 
point  so  no  to  n/foct  advarooly  the  fowaat  people  will  probably  be 
different  for  each  airport  to  be  used  by  the  SST. 

d .  Approach  Noise 

At  (ho  start  o*  Phase  II- 13 ,  the  approach  nolao  goal  eetabliehed  for  n 
point  one  mile  from  touch-down  beneath  the  approach  flight  path  was 
reduced  from  llfl  to  109  PNdb,  The  estimated  noise  levels  for  both 
fan  mid  jot  engine  powered  S8T  airplanes  ae  well  as  oovoral  Bubaonlr 
Jets  are  a  how  a  «n  Figure  0-71,  As  shown  on  the  figure,  compressor 
nolao  must  bo  almost  completely  eliminated  for  either  of  the  SST 
poworplanta  to  meet  the  now  noise  goal,  which  is  substantially  lowor 
than  the  nominal  noise  levels  of  currant  Jets.  With  a  ten  db  reduction 
in  compressor  noise,  which  appears  to  b©  practically  nchiovnble 
within  the  present  state  of  thu  art,  the  88 T  will  be  Jose  noisy  than 
currant  Jots  but  will  not  moot  tho  goal  levels, 

Tho  differences  in  the  width  of  the  path  bonealh  the  airplane  which  Ib 
influenced  by  approach  nolso  as  compared  with  that  affected  by  take-off 
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noise  1b  illustrated  by  Flyura  8-72.  Bacauoo  of  the  low  aircraft 
altitude  at  the  one-mile  point,  the  peak  levela  directly  beneath  the 
approach  flight  path  are  nearly  equal  to  take-off  levels,  but  the  noiae 
levels  to  tho  side  of  tho  flight  path  are  much  loss  because  of  the  low 
altitude  during  approach.  This  curve  was  plotted  for  an  engine  with 
the  fan-comprosoor  noise  attenuated  by  ten  db,  and  for  a  throe-degree 
approach  flight  path. 

3.  CONCLUSIONS 

•  SST  airplanes  will  probably  bo  lasa  objectionable  during 
approach  than  currant  Jet  transports,  but  the  goal  level  of 
109  PNdb  will  be  difficult  if  not  impossible  to  meet. 

#  The  turbofan  cycle  eng  In®  has  more  Acceptable  take-off  nolee 
than  turbojet  cycle  engines. 

4,  RECOMMENDATIONS 

<  The  development  of  exhaust  noise  supressors  which  are 
effective  during  high  power  operation  should  be  further 
investigated, 


*  Tho  trade  between  engine  size  ard  operating  economy  Is  one 
which  should  bo  thoroughly  Investigated  to  ensure  that  the 
engine  nizo  chosen  for  the  SST  1b  as  largo  ns  is  practical, 


B 


Various  airplane  take-off  procedures  should  be  Investigated 
without  regard  for  notoo  goals  to  determlno  which  method 
would  affect  adversely  the  fewest  people,  Perhaps  different 


take-off  procedure  a  should  be  1  nvet»  tig  riled  fur  different 


airports,  based  on  the  population  distribution  around  each  of 


the  major  airports  to  bo  served  by  the  BBT , 


•  As  approach  noloe  from  tho  SST  will  probably  be  lower  than 
that  from  current  Jote,  the  approach  noise  goal  should  bo 
reviewed  to  ensure  that  the  dosign  of  tho  alrplanoo  is  not 
complicated  by  the  requirements  for  oxcobsIvc  sound  treat¬ 
ment,  Little  community  noise  relief  will  result  from  having 
n  few  SST  alrplanoo  which  aru  far  quieter  than  all  other  air¬ 
plane  B  during  approach, 
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OBJECT  OF  TEST 


RESULT  OF  TEST 


TEST  CONFIGURATION 


To  obtain  a  baseline  for 
teste  to  determine  the 
effect  on  noise  of  inlet 
duct  flow  velocity  on  a 
rig  with  16  inlet  guide 


Baseline  Configuration 


Noise  documented  over  rig  operating  range] 


REFERENCE  LON 9  DUCT 

COHF  5“B*0 

-OELLNOOTH 


L  $0<JD  LINING  18 IGVS -*  L  52  BLADES 


To  deter  mine  the  effect 
on  noise  of  centerbody 
shape  and  inict  duct  flow 
velocity 


Compared  with  3«B-0 

No  significant  changes  when  throat  Ma^h 
number  was  below  0.  50  SubscantUl 
attenuation  of  compressor  noise  noted  at 
a  throat  Mach  number  of  0.  7.  Essentially 
no  discrete  noise  propagated  when  throat 
Mach  number  exceeded  0  6. 


BOEING  SHAPED  INLET 
WITH  PARTIALLY  EXPANDED  CENTER900Y 
COW  3*0-1 

THROAT  AREA  231  FT1 


-SOlIDLIWHG  ^-ISKJVS  32 BLADES 


To  obtain  a  baseline  for 
test  Of  the  effect  on  noise 
of  inlet  duct  flow  velocity 
on  a  rig  with  32  inlet 
guide  vanes. 


Baseline  Configuration 

Sound  documented  over  rig  operating  range 
This  32-vane  configuration  was  found  to  be 
more  noisy  than  either  the  18- vane  or  the 
32-vane  Configuration. 


REFERENCE  LONG  DUCT 


SOLID  LINING  L 32  BLADES 


To  determine  the  effect 
on  noise  of  centerbcxiy 
shape  and  inlet  duct  flow 
ve  loclty. 


Compared  With  4-13-0 

No  significant  changes  when  throat  Mach 
number  wan  below  0.  50.  Substantial 
attenuation  of  compressor  noise  noted  at 
a  throat  Mach  number  of  0.  75.  Eceentially 
no  discrete  noise  propagated  when  the 
throat  Mach  number  exceeded  C.85. 


BOEING  SHAPED  INLET 
WITH  partially  expanded  cehterbooy 

„  CONFAB- 1 
THROAT  AREA  2.51  FT* 


1  32  IGV'S  '*32  BLADES 


To  determine  the  effoct 
on  noise  of  centorbody 
shape  and  inlet  duct  flow 
velocity. 


Compared  with  4-B-O 

No  significant  changes  when  throat  Mach 
number  was  below  0.5.  Substantial 
attenuation  of  compressor  noice  noted  at 
a  throat  Mach  number  of  0.80.  Essentially 
no  discrete  noise  propagated  when  throat 
Mach  number  exceeded  0.88. 


BOEING  SHAPED  INLET 
WITH  FULLY  EXPANDED  CENTERBODY 

THROAT  AREA  2.I4FT1  C0NF  4‘9~J 


52  IGV'S^^-SZ  BLADEG 


RESULTS  OF  NOISE  TESTS 
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OBJECT  OF  TEST 


RESULT  OF  TEST 


TEST  CONFIGURATION 


Baseline  Configuration 


REFERENCE  LONS  DUCT 


To  obtain  a  baseline  for  test  Nolao  documented  over  rig  operating 
of  I  fin  effect  on  noise  of  inlet  range.  This  46  inlet  guide  vane  con¬ 
duct  flow  velocity  on  a  rig  with  figuration  «at  found  to  he  lees  noisy 
46  Inlet  guide  vanes  than  oithor  the  iB-vanc  or  the  32-vano 

configuration. 


‘•32  BLADES 
46  IflV'S 


Compared  with  5-S-O 


To  determine  the  effect  on  No  significant  change  in  either  level  or 
nolao  of  the  cylindrical  center-  directivity  pattorn. 
body . 


DOEINQ  8IJAPE0  INLET  WITH 
CENTEHDODY  COLLAPSED 


5.5  FT*  AIRFLOW  AREA 


/  u32  BLADES 

*■46  lOV'S 


To  datermlno  the  effect  on 
nolle  of  cei/terbody  shape 
and  Inlet  duct  flow  velocity- 


Compared  with  S-'D-O  L  5-D-01 


No  significant  change  when  the  throat 
Mach  number  was  below  0.  50.  Sub¬ 
stantial  attenuation  of  compressor 
noito  notod  at  a  throat  Mach  number  of 
0  00.  Essentially  no  discrete  noice 
propagatod  when  throat  Mach  number 
exceeded  0.  CO. 


BOEING  SHAPEO  INLET  WITH 
PARTIALLY  EXPANDED  CENTEROODY 

V  THROAT  AREA  8.6 1  FT5 


/  ‘-32  BLADES 

^46  IOV'8 


To  determlno  Iho  offect  on 
nolao  of  cernerbody  Shape  nnd 
Inlet  duct  flow  velocity. 


Comnartd  with  5-D-i  L  5-D-O 

No  significant  change  o  when  throat  Mach 
numbor  v/ae  bolow  0.  50.  Substantial 
attenuation  of  compressor  nolao  noted 
at  a  throat  Mach  number  of  0. 84 .  Es¬ 
sentially  no  discrete  noise  propagated 
when  throat  Mach  number  exceeded 

o.oa. 


P0EIN0  SHAPED  INLET  WITH 
FULLY  EXPANDED  CENTER0ODY 


THROAT  AREA  2,14  FT2 


'  L 32  QLAREO 
4«  lOV'S 


Tu  delortViitle  the  effect  on  Both  blowing  air  into  the  duct  and  draw- 

noiie  of  a  combination  of  1.2%  ing  air  out  of  tlje  duct  through  tho  par* 

open  area  perforated  liners  fora  ted  liner  showed  no  significant 
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MEASURED  AT  THE  ANGLE  OP 
PEAK  INLET  NOISE  (60«) 

LINING  LENGTH  <*  44  IN. ,  CONPIO  0-0-B 


DUCT  FLOW  MACH  NUMBER 


EFFECT  OF  INLET  DUCT  AIRFLOW  MACH  NUMBER  ON  THE 
ACOUSTIC  EFFECTIVENESS  OF  FELTMETAL  DUCT  LINING 
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NOISE  ATTENUATION  VS,  FREQUENCY  FOR  A  FELTMETAL  LINED 
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SPECIFICATIONS  FOR  NOISE  ATTENUATION  TREATMENTS 
TESTED  IN  FAN  DISCHARGE  DUCT  MODEL 


Configuration  F  acing 


Racking  Material  Total  Thickness,  inch 


0.125"  Feltmetal  Air,  Segmented  by 

Splitters  Spaced  5" 
Apart  Axially 

0.125"  Feltmetal  0.375"  Fiberglas 

0,  125"  Feltmetal  Cerafelt 


Slitrnetal 


Cerafelt 


Perforated  Plate 
St  Wire  Mesh 
Screen 


Cerafelt 


Slitrnetal,  Type  347  SS,  0.040"  Thick,  30-70  Rayls 
Flow  Resistance,  Slits  0,010"  Wide  And 
0,25"  Long,  3000  Slits/ft2 

Feltmetal:  Type  302  SS  Sit  >d  Fiber  Matting, 

Fiber  Dia.  wlh  Microns,  Pore  Size  «  15 
to  37  microns,  Density  20% 

Perforated  Plate  8t 

Wire  Mesh  Screen:  3/32"  Dia.  Holes  Staggered  on  3/  16"  Centers, 

22%  Open  Area,  0,  037"  Thick  SS;  Screen  has 
20  x  100  wires/in^ 
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INSERTION  LOSS  WITH  FAN  DUCT  TREATMENTS  C,  D  AND  E 
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ITEM  9 


CONTROLS  AND  ACCESSORIES 
OBJECTIVE 

This  program  was  conducted  to  determine  the 
controls  and  accessories  requirement)]  of  the 
engine  and  to  eetablUh  the  design  requirements 
with  the  subcontractors, 


A.  CONTROLS 

1.  INTRODUCTION 

The  fuel  control  system  for  tho  STF2I9  engine  Is  n  hydromechanical 
ay  stem  employing  the  same  fundamental  principles  outlined  in  the 
Supersonic  Transport  Aircraft  Engine  Phase  II  A-Dovolopmant 
Program  Final  Report,  (PWA-2397  Item  10). 

The  control  system  hna  four  basic  functions! 

o  Controls  tho  engine  speed  between  Idle  and  maximum  gaB  genera¬ 
tor  power, 

•  Schedules  tho  main  engine  fuel  flow  within  the  desired  limits  during 
transient  operation. 

o  Sequences  tho  scheduled  duct  burner  flow,  fluppliod  from  an  air 

driven  tyybopump,  over  the  operating  envelope  between  augmentation 
cut-off  and  maximum  augmentation  to  Individual  fuel  manifolds, 

•  Positions  the  exhaust  nozzle  area  to  maintain  tho  desired  engine 
operating  condition, 

Tho  phase  E  B  study  effort  was  primarily  devoted  to  simplifying  the  con¬ 
trol  system  as  presented  In  phnso  II  A,  and  optimizing  bias  schedules. 

Tho  objective  was  to  improve  reliability  and  obtain  a  superior  control 
system. 

Control  vendor  studies  wore  continued  with  emphasis  on  design,  analytical 
and  associated  component  testing  in  the  areas  found  to  be  deficient  during 
the  phase  II  A  study. 
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Simulation  studies  warn  continued  to  represent  the  aircraft  Inlet,  the 
engine  and  aacli  vendors  control  system,  A  program  was  conducted  by 
each  vendor  to  refine  the  control  modes  further  Improving  the  system’ll 
ability  to  moot  aircraft  requirement!! . 

2,  ENGINE  SIMULATION  STUDIES 

The  hybrid  analog-digital  computer  hao  been  millssnd  to  continue  the 
simulation  of  the  STFZ19  SST  engine,  the  aircraft  Inlet  and  ouch  vendors 
control.  The  engine  oimulation  remained  basically  as  It  was  in  Phase 
I’  A.  The  inlet  computer  program  used  In  Phase  U  A  was  a  ropreaenla- 
lio.i  received  from  Lockheed.  However,  the  Phase  II  B  inlet  program 
'wftu  'viitton  to  allow  change  of  flight  condition,  and  with  modifications 
wosM  operate  either  an  a  Lockheed  inlet  or  ft  Boeing  InleL, 

Each  ccnlrut  simulation  was  connected  to  the  aircraft  Inlot  and  engino 
system,  and  a  program  waa  run  by  each  vendor  lo  refine  Lhc  control 
modes  to  further  improve  the  system  ability  to  meet  aireroft  require" 
monls , 

a,  Performance  Program 

It  was  required  that  the  vendors  perform  similar  analog  transients  Lo 
permit  consistent  evaluation  of  the  results,  The  following  paragraphs 
outline  a  program  designed  to  describe  the  engine  transient  operal’ng 
conditions  at  00a  level  static  and  cruise  flight  conditions,  In  each 
case  the  power  lover  movement  was  100  degrees  par  second  for  each 
vendors  control,  Tho  following  is  a  definition  of  the  terms  used  in 
describing  tho  program. 

Idle  -  The  minimum  angina  power  setting  obtainable  from  the  computer 
program,  except  at  the  cruise  flight  conditions  where  mini¬ 
mum  flow  represents  the  idle  setting. 

Rated  Power  -  The  maximum  gas  generator  power  setting  without 
augmentation. 

Maximum  Power  -  Maximum  gas  generator  power  setting  with  maximum 
augmentation . 

(1)  Sea  Level  Static  Transients 

«  Acceleration  from  idle  to  maximum  power  and  deceleration  back  to 
idle. 
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•  Acceie ration  from  Idle  to  rated  ptc'er  und  deeelu ration  back  to  idle, 

•  Acceleration  from  rated  power  to  maximum  pci"'or  and  deei'le ration 

back  to  rated  povc r . 

Light  tip  of  Zonu  I  ohly  and  hack  to  ratod  power. 

•  blov  uni  at  maximum  fuel  flow  in  Zone  II. 

(Z)  Cruise  Transients 

•  Act el "  i  alien  fiom  idle  to  maximum  po<*'ei  and  ducale  ration  back 
to  id  Id. 

«  Acceleration  from  idle  to  rated  power  and  deceleration  back  to  idle, 

a  Ac  coloration  from  ratod  power  to  maximum  power  and  docolo  ration 

back  Lo  rated  po«-or, 

•  .Light  up  of  Zona  1  only  and  back  to  ratod  power, 

»  low  out  al  cruifiu  lava!  of  duct  fuel  flow,  (Approximately 

T. .  -  2500*R. ) 

Id 

Zone  transients  wore  made  at  each  flight  condition,  This  was  accom¬ 
plished  by  acceleration  from  minimum  duct  heating  of  each  xonu  lo 
maximum  duct  boating  of  each  zone, 

The  results  of  each  vendors  computer  effort  la  presented  in  Appendices 
A  and  13  of  this  report, 

b ,  Aircraft  Inlet  Simulation 

Air  inlet 0  for  supersonic  engines  must  satisfy  two  important  require¬ 
ments,  The  first  is  that  the  Inlet  must  provide  as  high  a  stagnation 
pressure  (P^,)  aa  possible  at  the  engine  Interface;  the  second  is  that 
their  external  surfaces  must  produce  as  low  a  drag  as  possible,  The 
Pratt  &  Whitney  Aircraft  simulation  is  not  concerned  with  the  second 
requirement  but  is  primarily  concerned  with  the  accurate  calculations 
of  engine  inlet  total  pressure  (P^), 

The  primary  requirement  in  obtaining  an  accurate  calculation  of 
hi  lo  know  thu  velocity  and  position  of  (lie  internal  normal  shock, 

Fov  a  transient  program  the  supersonic  diffuser  pressure  loss  may  be 
considered  constant  as  a  first  approximation,  This  leaves  the  shock 
total  pressure  loss  and  the  subsonic  diffuser  pressure  loos  as  the 
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variables  In  calculating  the  value  o  1  An  additional  roqul rnin.'nt 

of  a  transient  inlet  program  la  the  calculation  of  the  bypasa  door  area, 

Figures  9-1  through  9-4  show  the  calculation  procedure  for  the  inlet 
program.  The  first  figure  la  the  airflow  balance  downstream  of  the 
shock,  It  la  the  airflow  contained  between  the  shock  position  and  the 
inlet  boundaries  which  dotormlnoa  the  subsonic  si  room  static  pressure 
that  positions  the  shock,  It  la  this  airflow  calculation  procedure  which 
difllingalohofl  th«  Lockheed  inlet  from  lha  Booing  inlet.  The  Lockheed 
illicit  hno  a  system  of  "educated1'  bleeds  ( W*  .  )  which  have  a  stabilizing 
affect  on  the  shock  when  It  is  positioned  in  the  converging  supersonic 
diffuser  section. 

During  Phase  It  A  Pratt  it  Whitney  Aircraft  received  from  Lockheed  a 
program  simulating  a  two-dimensional  mixed  compression  Inlet  and  u 
bypass  door  control.  The  Phase  II  13  P.all  &  Whitney  Aircraft  inlet 
was  studied  under  various  disturbance  conditions  and  it  was  concluded 
that  tho  results  were  similar  to  the  Phase  If  A  Lockheed  inlet  and  ft 
was  used  throughout  the  Phase  II  E  central  winder  studios. 

Thu  Lockheed  bypass  area  control  was  used  during  lha  current  study, 

The  control  sonsoe  shock  position  with  a  pros  sura  ratio  sensor  and 
lha  bypass  door  area  is  changod  to  position  the  shock  at  the  desired 
terminal  position, 

(1)  Lockheed  Inlet  Operation 

To  obtain  optimum  Inlet  operation  the  shock  is  positioned  «l  the  throat 
by  a  combination  of  proper  scheduling  of  engine  airflow  and  bleed  door 
operation,  In  the  Lockheed  installation  tho  engine  airflow  is  controlled 
by  adjusting  the  duct  exhaust  nozzle  area  «»  a  function  of  flight  Mach 
numbor,  high  spued  rotor  speed,  and  engine  inlet  total  temperature 
during  engine  operation  in  tho  cruit«  regime. 

The  control  vendor  computer  program  was  conducted  using  the  1  ockheed 
inlet  configuration, 

(2)  Boeing  Inlet  Operation 

The  Booing  inlet  operates  with  optimum  pressure  recovery  and  minimum 
distortion  when  the  shoek  is  in  tho  desired  position  which  Is  slightly 
downstream  of  tho  throat,  and  when  the  bypuas  doors  are  closed.  To 
position  the  shock  at  the  optimum  position  the  engine  airflow  must  be 
adjusted.  When  the  shock  is  slightly  downstream  of  the  optimum 
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position  the  engine  airflow  must  bo  adjusted  by  closing  the  duct  exhaust 
nozzle  area,  A  block  diagram  of  the  Booing  Inlet  shock  position  con¬ 
trol  is  shown  on  Figure  9-5.  This  scheme  was  put  on  tho  computer 
with  the  Pratt  &  Whitnoy  Aire  raft  Inlet  representation  modified  to 
resemble  tho  Booing  configuration,  the  STF219  engine  and  a  vendors 
coni  roi. 


It  was  dote  rminod  that,  the  system  was  feasible,  however,  tho  program 
should  bo  run  with  tho  actual  Booing  inlet  and  control  characteristics. 

It  will  be  noceeaary  to  establish  tho  proper  relationship  between  the 
Kg,  Kj  and  pains  in  order  to  provide  a  system  whose  stability  is 
acceptable. 

(3)  Inlol  Distortion 

To  fully  appreciate  the  interaction  between  tho  inlet  and  the  engine  it 
was  necessary  to  determine  the  effect  of  distortion  on  the  engine,  It 
was  also  necessary  to  define  inlot  distortion  and  to  determine  a  rcla- 
‘itmahlp  that  would  allow  the  inlet  program  to  result  in  a  distortion 
parameter, 


““  **  lp, 2  ...  ■  P,2  mJ„»  '  P[2  ,vg. 

lhere  was  no  distinction  made  between  radial  or  circumferential 
distortion  since  the  entire  distortion  routine  was  approximate  due  to 
insufficient  inlet  data  especially  during  transient  operation,  A  rela¬ 
tionship  was  obtained  fur  the  change  in  tho  low  compressor  and  high 
compressor  surge  line  with  inlet  distortion. 


Inlol  distortion  appears  to  bo  caused  by  two  conditions  in  tho  inlet. 
Shoch  interaction  with  the  boundary  lay  or  in  tho  subsonic  diffuser 
sectiun  and  bypass  urea  door  position  both  tauso  changes  in  inlet 
distortion.  Minimum  distortion  occurs  with  the  bypass  doors  closed 
and  tlie  shock  located  at  the  throat.  It  appears  that  there  exists  a 
steady  state  level  of  distortion  in  the  inlet  oven  when  these  two  con¬ 
ditions  are  satisfied,  The  available  data  allowed  for  an  approximate 
relationship  between  inlet  distortion  and  the  percentage  amount 
is  lower  than  the  steady  state  or  critical  value  (percent  super¬ 
critical).  The  relationship  between  percent  supercritical  and  the 
percentage  change  in  the  surge  pressure  ratio  for  each  compressor 
wns  input  to  the  engine  program  as  is  shown  on  Figures  10-9  and 
10-11  of  the  engine  program  as  presented  in  the  S5T  Phaae  IIA  Final 
Report  (PWA  2397). 


The  effect  of  adding  tho  distortion  routine  to  the  engine  program  was 
to  reduce  tho  surge  margin  of  tho  match  points  of  each  compressor. 
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Ignition  of  the  duct  heater  raises  the  back  pressure  on  the  fan  and  the 
match  point  is  moved  toward  the  surge  region.  Protection  against 
surge  is  obtained  by  increasing  the  duct  exhaust  nozzle  area  before 
lighting  the  duct  burner  in  the  same  manner  as  when  at  the  sea  level 
static  point.  Operating  in  this  manner  produces  adequate  surge  mar¬ 
gin  during  light-off  of  the  duct  burner.  The  transient  operation  of  the 
engine  and  inlet  during  this  disturbance  is  presented  on  the  computer 
traces  presented  by  the  vendors  in  Appendices  A  and  B, 

3.  ENGINE  CONTROL  STUDIES 

The  STF219  engine  control  studies  were  separated  into  two  areas.  One 
area  is  the  engine  control  function  which  would  simplify  aircraft  opera¬ 
tion  such  as  constant  velocity  of  approach  control.  The  other  area  of 
engine  control  study  is  directly  associated  with  engine  control  para¬ 
meters. 

a ,  Constant  Aircraft  Approach  Velocity  Control 

Lockheed  requested  that  the  feasibility  of  controlling  engine  thrust  to 
provide  a  constant  approach  velocity  ^or  a  landing  be  studied,  The 
Phase  II  A  conclusion  was  that  such  a  feature  was  feasible.  The 
Phase  II  B  study  was  to  demonstrate  the  control  concept  and  check 
the  stability  of  the  system  when  coupled  with  the  aircraft,  The  study 
was  performed  with  the  computer  program,  It  was  demonstrated  that 
the  approach  velocity  coupler  is  feasible;  however,  further  evaluation 
would  be  required  using  Lockheed  supplied  approach  velocity  control 
characteristics  and  aircraft  dynamics, 

As  a  first  approximation  Pratt  &  Whitney  Aircraft  has  assumed  that 
the  aircraft  altitude  remains  constant  during  the  landing  approach, 

This  assumption  reduces  the  aircraft  simulation  to  a  single  degree 
of  freedom,  where  the  velocity  is  a  function  of  the  forces  acting  on 
the  aircraft  as  follows: 


v 


{4  F  .  Cos  a 
nt 

W/g 


-  D) 


dt 


where, 

v  =  velocity  of  aircraft  at  constant  altitude 
F  a  net  thrust  delivered  by  one  engine 

a  2  aircraft  angle  of  attack 
D  -  aircraft  drag 
W  2  265, 000  lbs. 
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The  aircraft  drag  has  been  determined  from  the  Lockheed  CL-823 
Approach  Thrust  Requirements  curve  received  at  Pratt  &  Whitney 
Aircraft  in  July!  1964.  The  curve  has  been  reduced  by  the  weight 
component  which  is  opposite  in  direction  to  the  drag.  A  block  diagram 
of  the  aircraft  representation  is  shown  in  Figure  9-6. 

The  engine  control  has  been  simulated  to  adjust  engine  thrust  with  a 
change  in  approach  control  lever  position.  It  is  anticipated  that  Lockheed 
would  supply  this  signal  with  a  proportional  velocity  sensor  control. 

The  simplified  control  block  diagram  is  shown  at  the  bottom  of  Figure 

9-6. 


During  steady  operation  the  aircraft  drag,  D,  equals  the  sum  of  the 
thrust  delivered  by  the  four  engines.  This  is  shown  on  Figure  9-7 
at  the  point  just  prior  to  the  input  disturbance. 

To  demonstrate  the  control  response,  a  force  disturbance  was  imposed 
upon  the  aircraft.  The  magnitude  of  the  force  disturbance  was  relatively 
high.  It  may  be  considered  as  a  step  change  in  approach  angle  from 
minus  three  degrees  to  plus  six  degrees  which  results  in  doubling  the 
aircraft  drag.  The  immediate  response  was  to  reduce  aircraft  speed, 
which  increases  drag  to  further  slow  down  the  aircraft.  Howevef,  the 
change  in  velocity  will  be  sensed  by  the  aircraft  approach  control  sys¬ 
tem  and  an  approach  control  lever  angle  signal  sent  to  the  engine  fuel 
control.  As  a  result  engine  speed  setting  (turbine  inlet  temperature) 
will  automatically  increase  to  allow  the  engine  thrust  to  compensate 
for  the  force  disturbance  and  allow  the  aircraft  to  settle  out  at  the  new 
velocity  level. 

The  band  of  velocity  control  is  a  function  of  the  proportional  gain  in  the 
aircraft  approach  control  and  the  gain  in  the  fuel  control  between 
approach  control  lever  angle  and  engine  speed  setting.  Several  runs 
were  made  with  various  proportional  gains  and  the  resultant  final 
approach  velocity  is  shown  on  Figure  9-8.  It  should  be  noted  that 
the  higher  gains  in  the  vicinity  of  K/Ko  =  2.0  result  in  a  marginally 
stable  system. 

If  it  is  desired  to  hold  a  constant  approach  velocity,  it  would  be  necessary 
for  the  aircraft  approach  control  to  contain  an  integrator  which  would 
continue  to  change  engine  thrust  until  a  zero  velocity  error  is  obtained. 

It  is  suggested  that  a  proportional  plus  integral  control  be  used  with  a 
fairly  high  ratio  oi  proportional  to  integral  gain. 
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b,  Engine  Control  Parameter  Study 

The  STF219  SST  engine  control  parameter  study  was  primarily  directed 
toward  the  duct  burner  operation  with  emphasis  placed  upon  improving 
simplicity  and  increasing  reliability.  The  parameter  study  of  the  main 
gas  generator  was  directed  toward  simplifying  and  determining  the 
accuracy  of  the  bias  schedules  wnich  set  turbine  inlet  temperature 
during  acceleration  and  cruise, 

(1)  Duct  Fuel  Flow  Bias  Simplification 

The  duct  fuel  flow  bias  schedules  were  investigated,  and  it  was  deter¬ 
mined  that  the  fan  inlet  tot  1  pressure  (Pt2)  bias  could  be  eliminated 
from  the  Zone  I  and  Zone  II  fuel  schedules,  Figures  7,  8,  and  9  of 
PWA  Purchase  Specification  819D,  as  showm  in  Appendix  10-A  of  the 
Phase  IIA  Report  (PWA  2397),  show  that  duct  fuel  flow  ratio  (Wfc\/Pt4) 
is  biased  by  fan  inlet  total- temperature  (Tt2)  and  pressure  (Pt2)<  The 
elimination  of  the  P$2  bias  results  in  a  control  computer  simplifica¬ 
tion  and  incr eases  the  reliability  of  the  duct  fuel  system.  However, 
some  error  is  introduced  into  the  fuel  flow  delivered  to  the  duct, 

(a)  Zone  I  -  During  Zone  I  selection,  the  lighting  fuel  flow  would  be 
adulod  as  shown  on  Figure  9-9,  This  figure  shall  supersede  Figure 
■  4  PPS  819D,  The  error  in  lighting  Zone  I  with  this  schedule  will  be 
approximately  ibS  percent  of  the  nominal  lighting  value  of  .  008  fuel  air 
ratio  units, 

The  maximum  fucl-air  ratio  in  Zone  I  has  been  determined  to  be  ,  025, 
however,  to  comply  with  Lockheed  and  Boeing's  request  for  a  constant 
cruise  flight  condition  control  ,  the  fuel-air  ratio  was  reduced  linearly 
from  ,  025  at  Mao'h  2  to  ,  020  at  Mach  3,  This  fuel-air  schedule  for 
Zona  I  maximum,  was  satisfied  by  Figure  8  of  PPS  81 9D.  However, 
it  has  since  boon  determined  that  the  bias  can  be  removed  and 
still  remain  within  &'6  percent  of  the  desired  fuel-air  for  various 
flight  conditions.  The  revised  curve  is  shown  in  Figure  9-10,  This 
figure  supersedes  Figure  8  of  PPS  819D. 

7"7"The* constant  cruise  flight  condl.ion  control  modulates  engine  thrust 
to  hold  the  Mach  number  constant  and  provide  cruise  speed  stability. 
This  control  schema  was  discussed  in  the  Phase  IIA  Report 
PWA  2397 ,  Item  10. 
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(b)  Zone  II  -  The  maximum  augmentation  point  is  defined  by  a  duct 
temperature  of  3560  ®R.  However,  the  Zone  II  maximum  fuel  flow 
ratio  schedule  on  Figure  9  of  PPS  819D  has  been  altered  to  schedule 
the  duct  temperature  to  be  reduced  linearly  from  3560 °R  at  Mach  2  to 
3000  °R  at  Mach  3,  This  cut  back  is  to  occur  simultaneously  with  the 
Zone  I  cut  back  to  control  the  cruise  flight  condition  as  desired  by 
Lockheed  and  Boeing,  It  has  since  been  determined  that  the  Pt£  can 
be  removed  and  still  allow  the  standard  day  maximum  net  thrust  to 
remain  approximately  within  ±  1 . '0  percent.  A  slightly  greater  penalty 
is  obtained  during  cold  day  operation.  The  percentage  change  in  maxi¬ 
mum  net  thrust  for  a  minus  30  degree  day  may  be  as  high  as  minus 
three  percent,  the  worst  condition  being  sea-level,  Mach  0.  6.  The 
percentage  change  in  maximum  net  thrust  for  a  minus  60  degree  day 
may  be  as  high  as  minus  five  percent,  again  the  worse  condition  being 
sea-level,  Mach  0.  6,  The  revised  Zone  II  maximum  schedule  is 
shown  on  Figure  9-11.  This  figure  supersedes  Figure  9  of  PPS  819D, 

(2)  Optimum  Zone  1  Operation  During  Acceleration 

During  aircraft  acceleration,  it  is  expected  that  the  main  gas  generator 
turbine  inlet  temperature  will  be  27604R  and  the  duct  burner  will  be 
operating  with  both  Zone  I  and  Zone  II.  To  obtain  minimum  fuel  ex¬ 
penditure  for  any  climb  path  it  would  be  necessary  for  Zone  I  to  operate 
a't  its  most  efficient  fuel-air  ratio  of  .015.  The  fuel  flow  schedule  as 
shown  on  Figure  6  of  the  PWA  Purchase  Specification  819D  in  the  Phase 
IT  A  final  report  allows  the  fuel  air  ratio  to  vary  from  .  012  to  .  025. 


The  schedule  has  been  revised  and  is  shown  on  Figure  9-12.  This 
curve  schedules  Wf^/P^  as  a  function  of  power  lever  angle  for  sea- 
level  static  day  operation.  This  figure  supersedes  Figure  6  of  PPS  819D. 
It  is  noted  that  for  this  flight  condition  the  fuel-  air  ratio  in  Zone  I  is 


held  constant  at  approximate" 


ni  A 


Zone  XI  is  in  operation. 


Zone  I  fuel  flow  is  scheduled  ..  allow  ignition  at  a  fuel-air  ratio  of 
,  008  and  is  increased  to  .  025  at  maximum  Zono  I  fuel  flow.  As  Zone  II 
is  selected,  Zone  1  ’'gearshifts"  from  a  fuel  flow  ratio  of  W^/P^,  = 

190  down  to  a  constant  fuel  flow  ratio  of  110,  and  Zone  II  is  scheduled 
to  deliver  the  gearshifted  amount  of  80  ratio  units.  Zone  II  is  subse¬ 
quently  scheduled  to  deliver  fuel  flow  up  to  a  maximum  augmentation 
fuel  air  ratio  of  .  054. 


As  the  flight  condition  is  varied,  the  fuel  flow  ratio  level  in  Zone  1 
during  Zone  II  operation  must  be  biased  to  deliver  the  desired  fuel-air 
ratio,  This  i  accomplished  by  "gearshifting"  Zone  I  by  a  constant 
80  ratio  units  regardless  of  flight  condition.  The  result  is  that  the 
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Zone  I  bias  during  Zone  II  operation  is  the  same  bias  as  Zone  I  maxi¬ 
mum,  with  the  level  of  fuel  flow  ratio  units  reduced  by  the  amount  of  i 

the  gearshift.  I  ; 

This  results  in  the  Zone  I  fuel-air  ratio  deviating  from  the  optimum  j 

by  ±8  percent  during  the  majority  of  the  aircraft  flight  conditions,  A  { 

couple  of  flight  conditions  in  the  Mach  1 .  8  to  Mach  2. 0  region  result 
in  the  fuel-air  ratio  going  as  high  as  .018  which  is  still  less  than  one  j 

duct  burner  efficiency  point  deviation  from  the  optimum.  i  : 

(3)  Constant  Duct  Area  Operation  at  Low  Part  Power  {' 

i  1 

Each  vendor  subcontracted  for  component  development  during  the  SST 

R&O  contract  and  1LA  has  decided  to  use  a  closed  loop  control  on  the  f ; 

duct  exhaust  nozzle  area.  They  both  have  selected  a  A  P/P  "duct  area  fj 

control  parameter"  which  is  a  function  of  the  Mach  number  at  the  exit 

of  the  fan.  A  scheduled  value  of  A  P/P  (Rendix  uses  (Pt3  “Ps3)/Pb3  *  anc*  j  ; 

Hamilton  Standard  uses  (Pt3 -Ps3)/Pt3  is  obtained  as  a  function  of  rotor  f  < 

speed,  N2*  and  flight  condition,  Mach  number  or  T A  measured  value 

is  obtained  from  a  series  of  probes  which  measure  Pt3  and  PS3  at  the  j 

exit  of  the  fan.  The  difference  between  the  scheduled  value  and  the  1 ; 

measured  value  is  the  error  which  is  used  to  open  or  close  the  area 

as  required,  using  a  proportional  plus  integral  control.  [ 

The  problem  anticipated  with  this  type  of  control  would  result  from  the 

measured  value  of  Pt3  and  Fg.j  when  the  engine  is  operating  at  low  part  \ 

power,  idle  or  during  the  starting  transient.  During  these  conditions 

it  is  expected  that  the  noise  level  of  the  measured  parameter  could 

exceed  the  signal  level  for  the  operating  point.  If  this  should  happen, 

it  would  be  impossible  to  set  the  desired  area,  and  most  likely  the  area 

would  tend  to  follow  the  noise  signal  in  a  fluctuating  pattern. 

Therefore  the  vendors  were  strongly  advised  to  develop  a  control  f 

scheme  which  would  schedule  area  independent  of  any  measured  para¬ 
meter  when  operating  at  low  part  power,  During  the  early  performance  I 

stages  it  was  deliberately  decided  upon  to  operate  all  part  power  points 
at  a  constant  area  of  four  square  feet  for  a  600  PPS  size  engine, 

i 

Both  vendors  have  designed  a  new  control  mode  for  the  control  of  area 

during  this  low  part  power  operation,  The  new  control  mode  operates 

with  the  duct  area  control  parameter  setting  the  nozzle  area  at  high  f 

engine  power  settings  and  during  augmentation.  As  the  engine  power 

is  reduced,  the  duct  area  control  parameter  operates  to  set  nozzle 

area  until  four  square  feet  is  obtained.  Further  reduction  in  engine 

power  results  in  the  area  remaining  locked  at  this  constant  value. 
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Each  vendor  has  demonstrated  the  new  control  s<_neme  on  the  computer 
and  no  unusual  Interactions  have  resulted. 

(4)  Alternate  Duct  Area  Control  Parameter 

The  final  report  written  for  SST  R&D  Contract  Number  AF33  (65?)  - 
11189  discussed  several  duct  area  control  parameters.  However, 
the  engine  in  reference  at  the  time  was  a  single  spool  duct  burning 
turbofan.  The  conversion  to  a  twin  spool  duct  burning  turbofan  leaves 
one  parameter  not  discussed.  This  parameter  is  fan  rotor  speed,  N^. 

The  following  is  a  discussion  of  the  problem  of  using  Nj  as  a 
direct  area  control  parameter. 

The  duct  ax'ea  control  parameter  must  have  the  ability  to  adjust  the 
exhaust  nozzle  area  to  its  desired  position  in  response  to  disturbances 
either  externally  or  internally  generated;  and  secondly  must  have  the 
capacity  to  permit  the  system  to  recover  from  stall  if  encountered. 

The  choice  of  N  j  as  a  control  parameter  seems  to  be  a  natural  one  for 
this  engine  since  one  would  normally  expect  there  to  be  a  strong  influ¬ 
ence  between  the  duct  area  and  low  compressor  rotor  speed.  However, 
such  is  not  the  case.  For  a  twin  spool  engine  of  the  SST  configuration, 
there  is  only  a  weak  interaction  between  these  two  parameters  since 
the  characteristic  of  the  fan  is  such  that  a  line  of  constant  corrected 
rotor  speed  is  nearly  coincident  with  a  line  of  constant  input  horse¬ 
power  especially  at  the  lower  corrected  speed  operating  points.  Thus 
changes  in  back  pressure,  due  to  changes  in  the  exhaust  nozzle  area, 
result  in  a  change  of  fan  airflow  opposite  to  the  pressure  change  so 
that  the  inlet  horsepower  remains  nearly  constant.  The  result  is  that 
there  is  not  a  strong  enough  interaction  between  the  parameters  to 
make  N]  a  suitable  controlling  choice. 

The  second  problem  area  is  that  during  an  inadvertent  fan  stall,  it  is 
desirable  to  have  a  system  which  will  recover  from  the  stall.  During 
fan  stall,  at  a  constant  area,  the  rotor  speed  remains  nearly  constant, 

As  a  result  the  duct  area  control  parameter  will  remain  unchanged  and 
no  corrective  action  would  occur  to  help  the  system  recover  from  fan 
stall, 

(5)  Duct  Light-off  Signal 

A  characteristic  of  each  vendors  control  syBtem  is  that  the  fuel  flow 
added  <o  the  duct  cannot  be  advanced  from  the  light-off  value  without 
receiving  a  light-off  signal  from  the  duct. 

Fo,  viva*  s  of  lighting  fuel-air  ratio  of  .  008  there  does  not  appear  to  be 
any  problems.  The  duct  light-off  detector  would  simply  be  the  duct 
area  control  parameter  A  P/P,  which  decreases  by  at  least  5  percent 
at  all  flight  conditions  when  duct  burning  initiates.  This  change  is 
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sufficiently  strong  to  be  detected  above  the  noise  of  the  measuring 
apparatus.  However,  if  the  light  up  fuel-air  ratio  were  .  003,  a  prob¬ 
lem  would  exist,  A  study  was  made  of  the  various  methods  which 
would  indicate  a  duct  burner  light-off  under  these  circumstances. 

At  a  fuel-air  ratio  of  .  003,  the  engine  disturbance  would  be  difficult 
to  sense,  particularly  above  the  normal  noise  levels  of  the  various 
sensors.  Based  upon  durability,  reliability,  and  signal  to  noise  ratio 
criteria,  it  appeared  that  the  most  promising  parameter  would  be  the 
time  rate  of  change  of  the  duct  area  control  parameter,  d(  AP/P)/dt, 

In  view  of  the  complexity  involved  to  sense  a  light-off  at  a  fuel-air 
ratio  of  .003  it  appeared  reasonable  that  a  lighting  fuel- air  ratio  of 
.  008  was  justified. 

(6)  Speed  Bias  Simplification  and  Accuracy  Analysis 

The  primary  burner  speed  bias  schedules  were  studied  with  emphasis 
placed  upon  simplifying  the  system,  and  to  determine  how  accurately 
the  schedule  would  set  turbine  inlet  temperature  during  various  air¬ 
craft  flight  conditions. 

The  control  of  turbine  inlet  temperature  is  performed  by  scheduling 
high  rotor  speed  with  power  lever  position,  Pt2  and  Tt2  and  comparing 
with  actual  rotor  speed.  The  error  provides  the  input  to  a  proportional 
control  system  (droop  governor)  which  delivers  the  desired  amount  of 
fuel  to  the  primary  burner.  In  the  STF219.  the  most  important  engine 
power  level  sett>  •  '/:  are  maximum  rated  power  and  cruise  rated  power. 
To  obtain  the  g;  w  accuracy  a  separate  speed  bias  schedule  (variation 
of  speed  setting  .  f2  anc*  Tt2)  *or  eac^  power  level  setting  was 

provided.  This  w«»  the  program  as  presented  in  Phase  II  A.  However, 
in  monitoring  the  progress  of  the  vendors  it  was  decided  that  the  con¬ 
trol  schemes  to  execute  the  two  separate  biases  was  very  complex. 

A  study  was  made  to  simplify  the  speed  bias  system.  The  conclusion 
was  to  make  the  cruise  bias  exactly  the  same  as  the  maximum  rated 
power  bias,  The  change  in  engine  power  level  setting  would  be  accom¬ 
plished  by  the  change  in  power  lever  position  only.  The  new  speed 
bias  curve  is  shown  on  Figure  9-13  which  replaces  Figures  4  and  5  of 
PWA  Purchase  Specification  81 9D. 
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lever  is  positioned  in  the  maximum  rated  power  position.  Each  point 
is  identified  with  a  specific  flight  condition  on  the  representative  climb 
path  shown  at  the  bottom  of  the  figure. 

A  similar  study  was  made  for  flight  conditions  during  the  cruise  regime 
of  operation.  The  turbine  inlet  temperatures  obtained  are  shown  in  the 
following  Table: 


Control  of  Ttg  During  Cruise  Flight  Conditions 


Altitude 

Tt5  Desired 

Tts  Obtained 

55,000 

2.0 

2660 °R 

2664°R 

65,000 

2.0 

2660 °R 

2669  °R 

55,000 

2.2 

2600 °R 

2669  °R 

60,000 

2.5 

2660 °R 

2660  °R 

75,000 

2.5 

2660  °R 

2653 °R 

62,000 

2.  7 

2660 °R 

2651 °R 

65 , 000 

2.7 

2660 °R 

2655  °R 

75,000 

2.7 

2660°R 

2650 °R 

65,000 

3.0 

2660 °R 

2666 °R 

70,000 

3.0 

2660 °R 

2657 °R 

75,000 

3.0 

2660 “R 

2660 °R 

At  low  values  to  T^,  the  turbine  inlet  temperature  is  limited  to  pre¬ 
vent  aerodynamic  overspeed.  The  following  Table  shows  several 
flight  conditions  along  with  their  desired  turbine  inlet  ternjberatures . 
The  table  is  presented  for  two  power  lever  positions,  maximum  rated 
power  which  is  used  for  aircraft  acceleration,  and  cruise,  along  with 
the  turbine  inlet  temperatures  obtained  at  each  setting.  It  is  noted 
that  the  bias  schedule  would  control  T.3.T.  to  within  ±2%  of  the  desired 
setting  at  the  maximum  rated  power  lever  position.  At  the  cruise 
power  lever  position  T.I.T.  never  exceeds  the  limit,  but  may  be  about 
5%  low.  It  is  not  anticipated  that. this  is  a  problem  since  the  pilot  may 
select  the  maximum  rated  power  lever  position  to  obtain  the  desired 
T.I.T. 

Control  of  T^  During  Aerodynamic  Overspeed  Limitation 


Altitude 

M 

T.r  Desired 

Power  Lever  Position  T. 

_  Obtained 

_ n_ 

t5 

tt> 

25,  000 

.  2 

2640 °R 

Max.  Rated 

2600°R 

25,000 

,  2 

2640 'R 

Cruise 

25  00  °R 
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Altitude 

M 

_ n 

T_  Desired 
t5 

Power  Lever  Position 

T._  Obtained 
t5 

25,000 

.4 

2700 4R 

Max.  Rated 

2680 °R 

25,000 

.4 

2660  °R 

Cruise 

2550  “R 

36,000 

.4 

2450  °R 

Max.  Rated 

2440  “R 

36,000 

.4 

2450 °R 

Cruise 

2350 4R 

36,000 

.6 

2550  °R 

Max.  Rated 

2540  °R 

36,000 

.6 

2550  °R 

Cruise 

2410  °R 

45,000 

.5 

2500 °R 

M  x.  Rated 

2550 °R 

45,000 

.5 

2500 °R 

Cruise 

2430  “R 

45,000 

.8 

2680  °R 

Max.  Rated 

271 0  °R 

45,000 

.8 

266t'°R 

Cruise 

2605 °R 

The  control  of  turbine  inlet  temperature  during  flat  rating  take-off  is 
presented  in  terms  of  thrust  deviations  from  the  desired  value  for 
several  flight  conditions  on  Figures  9-15,  9-16  and  9-17.  In  each  case 
the  power  lever  is  in  the  maximum  rated  position.  It  is  noted  that 
the  thrust  deviation  from  the  desired  normal  rated  value  does  not  ex¬ 
ceed  ±5.0%  with  the  higher  deviations  occurring  at  the  colder  day  con¬ 
ditions  . 

Figure  9-18  is  a  descriptive  explanation  of  flat  rating  during  part  power 
operation.  The  speed  schedule  varies  with  power  lever  to  adjust  tur¬ 
bine  inlet  temperature  so  as  to  modulate  thrust  linearly  from  maximum 
rated  power  to  idle  for  any  given  atmospheric  day  operation.  The  linear 
thrust  schedule  is  maintained  whether  the  engine  is  flat  rated  or  not. 
Since  the  flat  rating  is  accomplished  by  the  P  and  T  bias  schedule, 
it  follows  that  the  engine  would  be  flat  rated  not  only  at  the  maximum 
rated  power  setting  but  also  at  the  idle  power  setting. 

4.  VENDOR  ACTIVITY 

a.  Control  Vendor  Studies 

Contracts  for  the  continuation  of  the  work  funded  by  the  Phase  II  A 
study  contract  were  placed  with  the  Bendix  Product  Aerospace  Division 
and  with  the  Hamilton  Standard  Division.  The  contracts  provided  for 
each  vendor  to  perform  design  and  analytical  studies  and  associated 
component  testing  with  emphasis  placed  on  those  areas  which  were 
found  to  be  deficient  during  the  Phase  II  A  study. 

The  vendors  have  completed  their  studies  and  have  submitted  their 
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final  reports.  The  reports  are  included  in  this  report  as  Appendices 
A  and  B  and  contain  the  results  of  design,  analytical  and  experimental 
efforts  conducted  to  develop  a  control  system  which  will  meet  the  re¬ 
quirements  of  the  engine  and  aircraft  inlet  system  and  provide  optimum 
engine  performance.  The  trust  levels  shown  on  the  computer  times 
are  primarily  for  the  purpose  of  determining  relative  levels,  they  may, 
or  may  not,  agree  with  steady  state  performance.  Included  are  the  re¬ 
sults  of  packaging  and  arranging  of  components  in  the  control  computer 
section  and  layouts  of  the  metering  section  along  with  the  coordinated 
installation  designs  of  the  complete  system.  The  reports  also  contain 
results  of  the  studies  made  of  the  pressure  ratio  sensor,  including 
some  experimental  results.  Also  included  are  the  results  of  control 
mode  studies  and  analog  computer  control  simulation  studies. 

b.  Pump  Vendor  Studies 

Designs  for  the  main  fuel,  hydraulic  actuation,  and  duct  heater  fuel 
pumps  have  been  obtained  based  upon  the  proposals  submitted  by  the 
various  pump  vendors.  The  pump  vendors  submitting  designs  are 
Chandler  Evans  Co.,  Tapco  division  of  Thompson-Ramo-Wooldridge, 
Vickers,  Hamilton  Standard  Division  of  United  Aircraft  Corporation 
and  Pesco  division  of  Borg-Warner.  These  designs  were  studied  to 
determine  conformance  to  the  desired  envelopes  of  each  of  the  fuel 
pump  types.  Each  vendor  was  able  to  design  a  unit  which  would  meet 
the  required  envelope  restrictions.  Similarly  evaluations  of  the  weight 
of  each  proposed  unit  was  compared  to  the  weight  estimates  used  in 
the  engine  weight  estimates  to  determine  that  the  original  estimates  were 
reasonable. 

Performance  of  each  of  the  proposed  units  was  compared  to  specifica¬ 
tion  requix-ements,  The  main  and  hydraulic  actuation  fuel  pumps  had 
adequate  performance  margins  while  one  version  of  the  duct  fuel 
pump  also  had  adequat  margin.  The  other  proposed  duct  heater  fuel 
pump  was  lacking  required  performance  by  a  substantial  amount  which 
would  require,  if  this  pump  were  employed  on  the  engine,  an  increase 
in  allowable  fuel  inlet  pressure  of  15  to  20  psi. 
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B.  ACCESSORIES  IGNITION  SYSTEM 

1.  INTRODUCTION 

The  design  of  the  SST  engine  ignition  system  was  predicated  on  require¬ 
ments  for  high  reliability  and  long  life  under  extreme  environmental 
conditions.  Careful  consideration  was  given  during  design  and  testing 
to  reducing  system  complexity,  weight  and  cost  where  such  reductions 
could  be  made  without  sacrificing  performance  or  reliability.  The 
Pratt  &  Whitney  Aircraft  program  conducted  during  Phase  IIB  consisted 
of  the  endurance  testing  of  vendor  supplied  components, 

Vendor  effort  during  this  report  phase  included  additional  performance 
testing  and  further  development  of  some  of  the  components  for  both 
the  low  tension  and  high  tension  systems.  The  Scintilla  Division  of 
Bendix  Corporation  subjected  their  annular  cooled  low  tension  exciter 
to  heat  transfer  performance  testing  using  300°F  fuel  as  the  coolant. 

The  results  of  that  test  are  contained  in  Scintilla  Division's  engineering 
report  number  12-4439  dated  May  11,  1965  and  titled  "Preliminary 
Testing,  Bendix  10-370925-1  Exciter  for  Pratt  &  Whitney  Aircraft 
SST  Using  PWA  523B  Coolant"  the  results  are  summarized  in  this 
report.  In  addition  to  the  hot  fuel  tests,  Scintilla  continued  development  of  a 
high  temperature  high  tension  lead  which  would  permit  incorporation 
of  a  high  tension  transformer  in  the  fuel  cooled  housing  of  the  low 
tension  exciter;  one  of  the  schemes  suggested  in  the  Phase  II  A  report 
for  achieving  a  high  tension  ignition  system.  Two  methods  of  con¬ 
structing  this  lead  were  attempted;  one,  a  chemical  treatment  to 
maintain  a  high  dielectric  at  high  temperature,  was  abandoned  due  to 
chemical  instability,  and  fabrication  of  the  second,  which  consists 
of  a  sufficient  buildup  of  new  insulating  materials  to  prevent  arcing 
at  high  temperature,  is  continuing.  The  second  vendor,  General 
Laboratories  Associates,  have  concentrated  on  improving  the  heat 
transfer  capabilities  of  their  low  tension  exciter.  GLA  has  corrected 
some  deficiencies  in  their  initial  model  which  prevented  efficient  heat 
transfer  from  the  end  plates  to  the  spiral  wrapped  cooling  tube.  Their 
revised  low  tension  exciter  weighs  approximately  3.3  lbs.  less  than 
the  original  model,  and  preliminary  heat  transfer  test  of  this  revised 
unit  have  been  conducted, 

2.  COMPONENTS 

The  low  tension  ignition  system  consisted  of  two  independent  AC 
powered  4-joule  low  tension  capacitance  discharge  type  ignition  cir¬ 
cuits  designed  to  fire  two  igniters  continuously.  Both  circuits  were 
contained  in  a  single  exciter  package, 
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Studies  were  made  o,t'  tv/o  cooling  sy, stems.  The  first  is  shown  in 
Figure  9“  19  and  is  spiral-wrapped  and  the  second,  shown  in  Figure 
9-20,  is  peripherally  cooled.  In  both  designs  a  thermal  insulation 
blanket  was  used.  These  were  the  same  exciters  used  during  the  per* 
formance  evaluation  testing  program  conducted  during  the  Phase  IIA 
program.  Testing  was  conducted  on  each  of  the  systems. 

The  exciter  used  by  Scintilla  during  the  heat  transfer  testing  using 
heated  fuel  was  the  same  as  the  units  previously  tested  at  Pratt  & 
Whitney  Aircraft  and  endurance  tested  dux’ing  Phase  TIB,  with  the 
exception  that  during  some  of  the  tests  by  Scintilla  the  exciter  was 
further  protected  by  an  insulation  layer  to  reduce  ambient  heat  trans¬ 
fer  to  the  cooling  fuel. 

The  exciter  tested  by  GLA  was  a  revision  to  the  unit  tested  at  Pratt  & 
Whitney  Aircraft  in  that  the  heat  transferred  through  the  end  plate  of 
the  exciter  was  extracted  by  providing  cooling  coils  closer  to  the  end 
plates  and  by  a  more  efficient  heat  flow  path  from  the  end  plate  to  the 
cooling  coil.'  In  addition,  in  response  to  a  Pratt  &  Whitney  Aircraft 
request  to  consider  using  fuel  at  300°F,  G.LA  elected  to  replace  the 
glass  tube  rectifiers  with  solid  state  rectifiers  rated  at  347 "F  for 
continuous  duty  operation.  The  re_sulting  GLA  exciter  weighed 
13  lbs.  without  an  insulation  blanket,  a  reduction  of  approximately 
3.3  lbs. 

Two  high-tension  ignition  systems  were  designed.  The  first  consisted 
of  a  low  tension  exciter,  similar  to  that  used  for  the  low  tension  system 
driving  two  separate  voltage  transformer-capacitor-igniter  packages 
as  shown  in  Figure  9-21.  The  transformer-igniter  system  is  designed 
to  operate  in  environments  up  to  1000°F  and  provision  made  for  the 
replacement  of  the  igniter  plug  in  the  field.  For  the  second  system,  the 
high-tension  transformer  is  housed  in  the  cooled  exciter  package.  High 
temperature,  high  tension  leads,  still  in  the  development  stage,  will 
connect  the  exciter  to  the  igniters. 

3.  FACILITIES 

The  endurance  tests  at  Pratt  &  Whitney  Aircraft  were  conducted  in  a 
thermostatically  controlled  oven.  Exciter  skin  and  internal  tempera¬ 
tures  were  monitored  using  thermocouples.  The  exciters  were 
electrically  loaded  using  low  tension  leads  and  igniter  plugs. 
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The  heat  transfer  testing  of  the  Scintilla  exciter  was  conducted  at  the 
facilities  of  the  Bendix  Products  Aerospace  Division  and  consisted 
basically  of  a  hot  fuel  source  using  PWA  523B  fuel  at  300°F  to  provide 
cooling  for  the  exciter  mounted  in  a  7  50°F  air  chamber  with  suitable 
fluid  flow,  terope rature,  and  pressure  instrumentation.  Testing  of 
the  spiral  wrapped  tube  design  by  GLA  was  conducted  at  their  own 
facility  using  water  as  the  cooling  fluid. 

4.  TEST  PROCEDURE 

a.  Endurance  Tests  at  Pratt  &  Whitney  Aircraft 

The  exciter  units,  one  each  of  the  annular  cooled  exciters  supplied  by 
Scintilla  and  the  spiral  wound  tube  cooled  exciters  supplied  by  GLA, 
were  mounted  in  the  oven  and  the  temperature  set  at  350  °F,  which 
established  the  exciter  skin  temperature  estimated  to  exist  when  the 
exciters  are  cooled  with  300 “F  fuel  in  a  750  °F  ambient.  Controlling 
the  oven  temperature  in  this  fashion  eliminated  the  need  for  supplying 
a  cooling  fluid  during  the  endurance  testing  of  the  exciter  internal 
components.  It  was  necessary  to  establish  a  low  volume  flow  of  air 
through  the  annular  cooled  exciter  to  eliminate  the  insulating  effect 
of  a  stagnant  air  volume  in  this  unit. 

The  units  were  then  operated  for  16  hours  continuously  and  allowed 
to  soak  for  8  hours,  and  this  cycle  repeated  until  the  conclusion  of 
testing.  Condition  of  the  units  was  monitored  hourly  during  the  test. 

b .  Scintilla  Heat  Trans fer  Tests 

Heat  transfer  studies  conducted  by  Scintilla  using  heated  fuel,  PWA 
523B,  are  summarized  in  the  following  table  which  lists  the  variations 
in  parameters  for  each  of  the  test  conditions. 


rest 

NUui 

ber 

Variable 

_1 

2 

3 

4 

5 

5A 

5B 

Ambient.  Temp  °F 

750 

750 

750 

750 

750 

750 

750 

Fuel  Temp  °F 

300 

300 

300 

300 

300 

300 

300 

Fuel  Flow,  pph 

500 

400 

350 

500 

500 

500 

400 

Fuel  Pres,  psig 

6 

3 

3 

200 

200 

200 

200 

Insulation  Blanket 

yes 

yes 

yes 

yes 

no 

no 

no 

*Ope rating  Cycle 

Duty 

Duty 

Duty 

Duty 

Duty 

Cont, 

Cont. 

*  The  SST  ignition  system  duty  cycle  consists  of  operation  for  2 
minutes  ON,  3  minutes  OFF,  2  minutes  ON,  23  minutes  OFF. 
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During  these  tests,  the  internal  exciter  wall  temperature  was  mpni- 
tored  near  the  electrical  input  and  output  connections  which  are  two 
areas  of  greatest  heat  transfer  from  ambient  to  the  interior  of  the  ex¬ 
citer,  Fuel  temperature  and  exciter  skin  temperatures  were  also 
monitored.  The  test  data  was  taken  after  temperatures  were  stabilized. 

c,  G LA  Heat  Transfer  Tests 


The  heat  transfer  testing  conducted  by  GLA  was  accomplished  in  a 
515°F  forced  air  oven  with  water  circulating  through  the  exciter  at 
a  rate  of  233  pph  to  simulate  the  heat  removal  ability  of  fuel  at  a  500 
pph  rate.  The  exciter  temperature  data  obtained  during  this  test  was 
then  used  to  verify  the  electrical  analog  model  of  the  heat  transfer 
mechanism.  The  model  can  then  be  used  to  predict  exciter  tempera¬ 
tures  for  other  operating  conditions. 

5.  DISCUSSION  OF  RESULTS 

a,  Endurance  Tests  at  Pratt  &  Whitney  Aircraft 

Endurance  testing  with  internal  components  operating  at  approximately 
380 4F  max.  for  the  GLA  unit  and  390°F  max.  for  the  Scintilla  unit, 
revealed  that  both  systems  are  capable  of  long  term  operation  in  the 
SST  environment  One  GLA  unit  operated  for  668  hours  of  continuous 
ignition  and  256  hours  of  soaking  at  350 °F  before  the  tests  were  con¬ 
cluded  with  the  unit  still  satisfactory  (this  unit  was  subjected  to  con¬ 
tinuous  operation  in  excess  of  the  16  hours  ON,  8  hours  OFF  cycle). 
One  Scintilla  unit  sustained  a  failure  of  all  the  rectifier  tubes  in  both 
electrically  separate  circuits  at  approximately  the  same  time,  at 
170  hours  of  continuous  operation.  The  failure  has  not  been  explained 
and  investigation  by  Scintilla  is  continuing  at  the  writing  of  this  report. 
The  second  Scintilla  unit  had  satisfactorily  completed  350  hours  of 
continuous  ignition  and  151  hours  of  soaking  at  350°F  at  the  conclusion 
of  testing, 

b.  Scintilla  Heat  Transfer  Tests 

The  Scintilla  heat  transfer  tests  indicated  that  the  unit  internal  tem¬ 
peratures  were  maintained  well  within  operating  limits  without  an 
exciter  insulating  blanket  although  without  the  blanket,  undesirable 
heat  transfer  from  ambient  to  the  fuel  coolant  occurred.  The  test 
results  are  summarized  in  the  following  table: 
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Location  of  Temperature  Reading 


Anaiog 

Predicted 

Temperature 


Actual 

Test 

Temperature 


Exciter  cylindrical  case  at  6 
locations 

Heat  transfer  bulkheads  inside 
each  end  plate 
End  Covers  at  4  locations 
Fuel  in  at  5  00  pph^ 

Fuel  out  ^ 


306°F  to  385°F  303  °F  to  395  °F 


329°F 

460 °F  to  480°F 
300  °F 
303  °F 


339°F 

362°F  to  423 °F 
300  “F 

less  than  302  °F 


The  GLA  unit  on  the  basis  of  these  water  cooled  exciter  heat  transfer 
tests  passes  less  heat  into  the  cooling  fluid  than  the  Scintilla  unit,  but  it 
must  always  use  an  insulation  blanket.  It  is  to  be  noted  in  the  GLA 
unit  that  less  heat  is  generated  by  the  power  transformer  than  predicted. 
The  oven  temperature  fcr  this  test  was  maintained  at  450  °F  above  the 
cooling  water  temperature  resulting  in  a  lower  actual  ambient  tempera¬ 
ture  than  will  be  encountered  in  service.  While  this  lower  temperature 
correctly  simulates  the  heat  transfer  through  the  insulation  to  the 
cooling  fluid,  it  does  not  correctly  simulate  the  heat  flow  through 
exposed  cqnnectors  and  brackets  to  the  end  plates  and  probably  accounts 
for  the  lower  than  predicted  end  cover  temperatures.  Correcting  for 
this  condition  would  probably  result  in  a  higher  fuel  OUT  temperature 
but  still  below  the  predicted  value.  The  component  closest  to  its 
temperature  limit  is  the  solid  state  rectifier  operating  24 °F  below 
its  rated  temperature  of  347 °F.  It  is  expected  that  operation  of  the 
exciter  to  the  duty  cycle  will  result  in  a  slight  reduction  in  the 
rectifier  temperature. 


d.  Glow  Plug  Tests 


Development  effort  on  the  augmentor  ignition  system  glow  plug  should 
continue  to  be  directed  toward  improving  durability  and  warm-up 
time  ,and  to  determine  the  configuration  necessary  to  provide  effective 
ignition  of  the  fuel.  Testing  during  Phase  II  A  had  indicated  that  the 
augmentor  combustor  rig  described  could  not  be  consistently  lit  using 
the  glow  plug  in  its  present  location.  Additional  effort  in  optimizing 
size  and  shape  of  the  glow  plug  coil  consistent  with  acceptable  warm¬ 
up  time,  and  determination  of  the  glow  plug  mounting  and  fuel  require¬ 
ments  is  needed.  Vendor  effort  to  find  an  improved  material  over 
the  platinum  wire  currently  used  has  not  been  successful  and  should 
be  continued. 


2  -  Fuel  IN  and  fuel  OUT  temperatures  are  calculated  on  the  basis  of 
the  actual  rise  in  water  temperature  at  a  flow  rate  chosen  to 
simulate  thr  heat  sink  properties  of  fuel  at  500  pph. 
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6.  RECOMMENDATIONS 

Pi’att  &  Whitney  Aircraft  and  vendor  testing  has  demonstrated  the 
basic  durability  of  the  components  and  thei.  compatibility  of  the 
design  with  the  £ST  engine  requirements. 

Development  of  the  low  feneion  system  should  be  directed  toward: 

a  Possible  weight  reduction  in  the  Scintilla  design  based  on 
the  temperature  safety  margin  which  exists  In  the  present 
model. 

«  Continued  endurance  testing  of  the  units  to  demonstrate  long 
term  reliability.  Failure  of  the  Scintilla  rectifier  tubes  is 
thought  to  be  an  easily  correctable  problem. 

*  Demonstration  of  actual  ignition  capabilities  in  combustion 
rig  testing, 

«  Hot  fuel  heat  transfer  tests  of  the  GLA  exciter. 

Development  of  high  tension  system: 

Although  construction  of  a  high  tension  lead  is  in  process,  the  effects 
of  high  temperature  on  this  component  and  on  a  satisfactory  high  ten¬ 
sion  transformer  remain  to  be  evaluated.  The  development  problems 
of  the  more  costly  and  complex  high  tension  system  will  require  high 
temperature  endurance  testing  to  demonstrate  reliability. 
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INLET  PROGRAM  NOMENCLATURE 


a 

speed  of  sound 

ft /sec 
,  2 

A 

area 

ft 

M 

Mach  Number 

Pt 

pressure,  total 

lbs  /  ft ^ 

T 

temperature 

°R 

C 

density- 

lbs/ft3 

W 

weight  flow 

lbs/sec 

V 

volume 

ft3 

X 

shock  pos^ion 

ft 

V 

X 

gas  velocity 

ft/sec 

S 

Laplace  Complex  Operator 

1  /  sec 

t 

X 

shock  velocity 

ft/sec 

w 

blx 

boundary  layer  bleed  upstream,  of  shock 

lbs /sec 

W 

bly 

Educated  Bleed  downstream  of  shock 

lbs/ sec 

Subscripts 

av 

average 

e 

engine  compiessor  face 

bl 

bleed 

X 

location  of  parameter  at  the  shock  position 

y 

location  of  parameter  immediately  downstream 
of  shock 

r 

relative  to  shock  position 

in 

inlet  to  diffuser 

t 

total  to  diffuser 

o 

reference 
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ITEM  10  .  BEARING  AND  BEAL  DEVELOP  /(ENT 


OBJECTIVE 


This  item  ef  ills  contract  required  that  Pratt  b 
Whitney  Aircraft,  conduot  bearing  and  oeal  develop- 
mem  testing,  find  determine  ilia  design  suitability 
of  these  components, 

Ti»o  epeul/ie  goals  at  the  hearing  program  were  to 
study  the  performance  and  fatigue  aharaeleriBiiee 
of  candidate  bearings  and  bearing  materials  m 
order  to  determine  the  effect  of  Applied  loads, 
temperature  environments,  and  lubricants,  on 
bearing  life  iMpeelaney,  This  information  woe 
to  bo  used  to  finalise  bearing  malarials  selection 
and  bearing  compartment  design  for  optimum  per¬ 
formance  and  long  life, 

The  goat  of  the  seat  program  was  to  determine 
the  design  parameters  necessary  to  provide  re¬ 
liable  operation  and  long  life  at  SiT'  operating 
conditions, 


A.  BEARING  DEVELOPMENT 

I.  ENDURANCE  AND  CALIBRATION  TEBTI 
a,  Introduu tion 

ie  endurance  and  calibration  programs  conducted  by  Pratt  b  Whitney 
rerafi  under  (he  Phase  11-13  contrast  included  the  following! 

t  An  endurance  teat  program  to  detormtnn  the  fatigue  life  of 
VantPO’3  bearing  material, 

i  A  continued  endurance  lost  program  to  determine  the  fsi'ijiue 
life  ot  M*ht)  C'VM  bearing  material  {129  mm  bore  sise). 
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,  An  accelerated  endurance  loot  program  to  determine  the  re¬ 
lative  fatigue  11  fe  ofM-90  CVM  bearing  material  in  both  129  mm 
and  170  bore  si&e  bearings. 

•  A  calibration  program  to  determine  the  operating  characteristics 
of  the  123  mm  and  170  mm  bore  qIeu  bearings  plus  tv/o  special 
beurlnge  incorporating  a  modified  cage  design  and  different 
plating, 

The  l?fl  mm  bore  nleo  bearings  wore  chosen  for  the  Phase  II-B  test 
program  beottuoe  of  availability.  Boaringa  made  from  WD-65  material, 
ns  tested  during  the  Phaee  II -A  teet  program,  were  In  process  of 
revision  at  the  vendor  during  the  Phase  XZ-G  teet  program, 

b,  Deacriptlon 
(1}  Components 

The  129  mm  boro  ulao  bearing  dnoign  selectee  for  fatiguo  failure  tool¬ 
ing  under  Phase  li«B  was  an  AREC  Wn  7  duplwtod  angular-contact  ball 
thrust  bearing  with  balla  and  racee  made  ef  PWA-723  (M-90)  eiool, 
molted  by  the  consumable-vacuum  melt  process  and  otabillBad  for 
60d *1P  operation.  The  bearing  retainers  wore  machined  In  one  piece 
from  AMS  6416  sleet,  plated  with  O.dOi  to  0,002  inches  of  silver,  The 
bearing  geometry  included  a  126  mm  bora  h  190  mm  O,  D,  x  32.  6  mm 
width,  w'lh  a  eplit-innor  race  construction.  The  bearing  incorporated 
21  balls  of  Q, 0126  inch  dlomater  with  a  contact  angle  of  23  to  27  degrees, 
The  '’Vanlro-fl"  bearings  were  similar  U\  «!«»;  hcwsv,.r ,  ti,u  bails  and 
races  wars  made  with  a  special  Vanadium  materia!, 

The  170  mm  bore -elite  bearings  aonlslnod  the  some  (us  above)  materials 
In  the  balls,  races  and  rotaineri  Die  geometry  being  170  mm  bore  x 
260  mm  O,  D,  k  43,0  mm  width,  These  bearings  contained  21  bulls  of 
1,  129  inch  diameter  with  a  contact  angle  of  27  to  30  degrees,  Tho  170 
mm  bore-steo  bearings  were  stabilieed  for  1000 *F  operation, 

(2)  Rtu 

The  test  rig  used  for  the  evaluation  of  bearing  endurance  was  designed 
to  permit  the  Simulation  of  spoodfl,  thrust  loads  and  temperatures  rap- 
reeentuiiva  of  1ST  engine  operation,  The  major  components  of  the  rig 
Include  a  drive  shaft,  hydraulic  piston  loud  cylinder,  front  and  rear 
bearing  housings,  a  thrust  ring,  front  and  rear  envois  and  exterior  case, 
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The  desired  load  la  applied  to  the  bearings  through  a  hydraulic  load 
cylinder  built  into  the  rear  cover.  Tho  pressurized  piston  nppliea  load 
lo  both  bearings,  one  oppoalng  the  other,  through  a  Hlrttin-gegod  threat 
ring,  The  roar  housing  la  free  to  move  forward  and  load  the  front  injur¬ 
ing  against  the  stationary  front  housing, 

Bearing  lubrication  I n  uieomplinhnd  by  directing  a  Jot  of  oil  at  rotating 
scoops  which  food  the  oil  lo  the  split  in  the  bearing  inner  races  through 
axial  grooves  in  the  hubs,  This  method  duplicates  engine  design,  The 
oil  is  drained  from  (ho  rig  through  a  aeries  of  holes  located  &l  tho  bot¬ 
tom  of  the  bearing  cavity, 

(3)  Facility 


The  bearing  endurance  test  rig  was  drivrn  by  a  variable-speed  elec¬ 
tric  motor  through  a  step-up  ?!  I  ratio  gearbox,  Tho  rig  and  gearbox 
worn  coupled  by  quill  shaft  to  accommodate  minor  misalignment, 

Thermocouplea  w ere  installed  In  the  oi l -in  and  the  oil-out  lines  and  on 
the  bearing  races  to  monitor  temperatures,  Accelerometers  were 
mounted  In  the  horizontal  and  vertical  plane  on  both  end  covers  to 
monitor  for  bearing  failures.  The  rand  outs  for  these  units  were  cali¬ 
brated  to  record  a  fatigue  failure  at  full-scale  deflection,  Pressure 
gages,  speed  counters,  and  other  Instrumentation  normally  associated 
with  a  test  facility  wore  used  as  required.  Mealing  of  the  bearing  lubri¬ 
cant  was  done  with  iinmersad-rocl  healer  units,  The  heater  nupplied 
the  required  quantity  of  PWA-924  oil  lo  the  rig  tael  machine  at  500'F, 


C ,  Method  of  Teel 


The  method  need  to  induce  bearing  fatigue  failure  consisted  of  running 
the  bearin'1  t  a  speed  and  thrust  load  using  PWA-924  oil  at  an  average 

oil-in  temperature  of  500<,S\  A  5v0f)  .pound  thrust  level  was  established 


by  assuming  ft  JO  percent  life  of  100  hours  and  then  calculating  the  cor¬ 
responding  load  by  APTiMA  formula)  higher  thrust  loads  v/ore  oBtoblialied 
by  assuming  a  It  -  If)  life  of  20  hours.  The  rig  speed  was  iislabllshed  at 
"elatively  high  levels  to  account  for  the  use  of  test  bearings  which  had 
a  smaller  diameter  than  that  of  the  S8T  engine  bearing,  The  oil  tem¬ 
perature  was  established  at  900 'F  as  an  approximation  of  the  peak  ex¬ 
pected  built  oil  temperature  in  the  SfiT  engine,  The  end  product  of  the 
lest  methodology  was  ft  number  which  designated  the  ratio  of  the  test 
bearing  life  to  the  bearing  life  predicted  by  Ilia  AJTUMA  method,  The 
two  major  landings  recorded  during  lire  endurance  test  program  were 
bearing  Paco  temperature  and  Accelerometer  readings.  The  race  tem¬ 
peratures  were  monitored  to  protect  against  possible  overtempsi'ftturlng 
due  to  oil  starvation  or  other  causal  the  accelerometers  were  calibrated 
to  indicate  a  bearing  fatigue  failure. 
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d.  Teat  llosultfl 

Four  123  mm  boro  bearings  made  from  Vantro-S  material  were  endur¬ 
ance  tested  for  a  total  of  3,  5  houre  under  a  10,  200  pound  thrust  loud, 
the  load  required  to  provide  an  estimated  B-10  life  of  20  bourn,  Two 
bearing  failuroo  occurred;  one  at  1,5  houre  and  the  second  at  0,25 
houra,  Analysis  of  the  bearings  indicated  that  the  material  had  sub¬ 
surface  voids  duo  to  overheating  of  tho  steel  in  the  heat  treating  pro¬ 
cedure.  The  Vantro-S  material  bearings  were  returned  to  the  vendor 
to  be  refurbiahad  in  preparation  for  future  ra-test  ovalualion, 

Two  M-30  CVM  material  bnaringa  were  endurance-tasted  for  an  addi¬ 
tional  283  hours  under  the  Phase  II-A  contract  prograrn(B - 1 0  life  of 
100  houra,  5900  pound  thrust  load)  again  without  producing  any  fatigue 
failures,  Because  of  the  method  of  establishing  Woibull  distribution, 
tho  additional  running  time  did  not  substantially  increase  tho  statistical 
fatigue  life  of  the  subject  baaringB)  however,  ns  shown  on  Figure  10-1, 
the  additional  time  gives  further  indication  that  the  life  expectancy  of 
tho  bearings  will  be  higher  than  the  predicted  life.  This  teat  was  ous- 
ponclod  so  that  the  third  phaaa  of  tho  contract  could  be  achieved,  Tho 
endurance  Limao  are  tabulated  below; 

M-30  CVM  123  mm  Bora  Boaringa 
5,900  pound  thrust  load,  12,000  rpm  Rig  Speed 


Serial  Number 

Total  Moure 

Remarks 

4-1 

332.75 

flfoppud 

4-2 

332,75 

it 

6-1 

50,0 

Misaligned 

6-2 

50,0 

11 

7-1 

IGG,  0 

Stopped 

7-2 

109,0 

n 

8-1 

104.  0 

n 

0-3 

104.0 

H 

18- 1 

455,0 

ii 

l‘j-2 

453,0 

n 

19-1 

100.0 

ii 

19-2 

100,  0 

ii 

21-1 

246,  0 

it 

21-2 

246,0 

ii 

j.  fHi _ _  _  mm  **»  t  a  j  , 

2791. AO 

tfiphgsa  II*B  additional  running  Urns  accomplished  on 
those  two  boaringa  without  producing  any  failures, 
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i,a  the  third  phase  of  the  endurance  and  calibration  program,  eight 
125  mm  bore  and  eight  1 7 G  mm  boro  M-50  material  bearings  were 
tested  at  a  B-10  life  of  20  hours  for  a  total  of  2,820  hours  without 
fatigue  failure.  The  Waibull  plot  (Figure  10-2)  based  on  the  125  mm 
bore  M-50  bearings  tested  to  date  shows  them  to  have  a  minimum  life 
expectancy  of  184  hours  or  9.2  times  the  predicted  (calculated)  life. 
Secondly,  the  Weibull  plot  (Figure  10-3)  based  on  the  178  mm  boro 
M-50  bearings  tested  shows  thorn  to  have  a  minimum  expected  life  of 
120  hours  or  6.0  times  the  predicted  (calculated)  life.  Further  testing, 
especially  by  running  ten  bearings  of  aach  size  out  to  200  hours  each, 
would  increase  tha  dxpocted  life  of  these  bearings,  Figure  10-4  Illus¬ 
trates  a  typical  125  mm  bearing  after  teat,  The  endurance  time  ac - 
cumulated  cm  the  M-50  CVM  bearings,  at  the  B-10  life  program  of 
20  hours,  is  tabulated  buiowj 


M-50  CVM  125  mm  Bore  Bearings 
10,200  pound  Thrunt  Load  12,  000  rpm  Rig  Speed 


a/N 

Total  Time 
(hours) 

Romarlcs 

F3- 1 

197,  5 

Stopped 

F3-2 

197,  3 

Stopped 

F4*  1 

208.  3 

Stopped 

F4-2 

200.  5 

Stopped 

FI-  1 

201. 25 

Stopped 

FI  -2 

201, 25 

Stopped 

Cl  - 1 

190 

Stopped 

01-2 

190 

Stopped 

Ml  *  1 

77 

Stopped 

HI -2 

77 

1740.  5(5 

Stopped 

M»30  CVM  178  mm  Boro 

Bearings 

21, 

600  pound  Thrust  Load 

7,000  rpm  Rig  Speed 

3/N 

Total  Time 
(hours) 

Remarks 

200-1 

200,  0 

Stopped 

200-2 

200.  0 

Stopped 

203-1 

192.  0 

Stopped 

203-2 

192,  0 

Stopped 

279-1 

200,  0 

Stopped 

279-?. 

200,  0 

Stopped 

283-1 

100,  0 

Stopped 

283-2 

100,  o 

1304, ' 

Stopped 
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The  calibration  programs  run  on  both  size  bearings  and  the  experimental 
M-50  bearing  with  the  new  cage  design  and  two  platings  were  completed 
without  incident.  Figures  10-5  through  10-10  are  the  results  obtained 
from  these  programs.  Figures  10-11  and  10-12  illustrate  the  typi¬ 
cal  experimental  calibration  M-50  bearings.  Examination  of  the  bear¬ 
ings  at  the  completion  of  the  calibration  program  showed  that: 


»  The  general  condition  of  all  bearings  was  good, 
a  The  cage  land  riding  surfaces  of  the  bearing  contained  light 
rubbing , 

a  The  oil  cooling  grooves  were  generally  clean, 

,  All  bearings  could  bo  used  in  further  test  programs, 

e.  Discussion  of  Results 

The  accumulation  of  more  than  3100  hours  of  endurance  testing  on  the 
M-50  CVM  material  main  shaft  bearings  during  the  Phase  1I-B  program 
has  increased  the  confidence  level  in  the  feasibility  of  operating  these 
bearings  at  high  load;}  and  speeds  using  a  high-temparature  lubricant, 

The  testing  has  verified  that  serious  consideration  may  be  given  to  the 
use  of  these  bearings  in  an  8ST  engine  with  the  expectation  that  after 
additional  development,  the  bearing  durability  will  be  commensurate 
with  those  in  present  production  engines.  The  endurance  programs 
have  also  shown  the  necessity  for  an  adequate  fail-safe  type  lubrication 
system,  operable,  with  an  oil  or  at  a  tempei'aturc  level  which  will  not 
produce  sludge  or  cause  oxidation  of  the  lubricant, 

The  completion  of  the  calibrations  on  the  M-50  thrust  bearings  has 
given  insight  into  two  possible  problems  of  operation  with  -tarings  of 
these  sizes:  the  first  concerning  cage  balance,  and  the  second  associated 
with  the  formation  of  c olce*  The  calibration  program  on  the  bearings 
with  the  modified  cage  designs  also  indicated  that  cage  plating  affects 
bearing  race  temperatures.  Future  programs  will  be  directed  toward 
establishing  optimum  materials  combinations  for  this  application. 

f.  Recommendations 


As  the  results  of  the  bearing  development  testing  noted  above,  future 
program  recommendations  are  as  follows: 

«  Continuation  of  endurance  testing  until  actual  E-10  bearing  lives 
are  determined, 


Improvement  of  lubrication  for  longer  sludge-free  operation, 
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«  Development  of  fail-safe  systems  for  lubrication  of  bearings. 

*  Continuation  of  cage  development  work  to  obtain  a  reliable  retainer 
design  which  will  be  tolerant  to  sludge  and  low  oil  flow,  and  strong 
enough  to  survive  operation  under  misalignment  or  other  adverse 
condition. 

«  Conduct  work  to  optimize  cage  balance  requirements. 

»  Evaluate  actual  SST  bearing  designs  for  performance  and  durability. 

2.  SINGLE -BALL  MATERIAL  TESTS 

a.  Introduction 

An  investigation  was  undertaken  to  determine  the  effect  of  mid-tem¬ 
perature  range  lubricants  on  the  fatigue  life  of  bearing  ball  materials. 

The  investigation  was  considered  significant  to  the  SST  program  as  a 
means  of  determining  the  most -promising  candidate  oils  for  operation 
at  predicted  high  lubricant  temperature, 

b.  Description 
(1)  Materials 

The  testing  was  conducted  with  half-inch  diameter  M-50  (CVM)  and 
standard  AISI-52100  (CVM)  material  balls.  The  fatigue  life  of  the 
M-50  balls  in  MIL-L-7808D  oil  was  used  as  a  baseline. 

The  lubricants  tested  during  Pnase  II-B  are  listed  below  in  order  of 
test  use: 

*  Cellutherm  2712-C  -  This  lubricant  met  requirements  of  both 
MIL-L-7808E,  and  MIL-L-7808F  specifications,  and  was  tested 
first  with  M-50  (CVM)  and  then  with  52100  (CVM)  ball  material, 

(  Humble  4040  -  This  lubricant  met  the  requirements  of  both 

MIL-L-7808E  and  MIL-L-7808F  specifications  and  was  subjected 
to  two  identical  tests  in  order  to  substantiate  the  data.  The 
tests  were  run  with  M-50  CVM  ball  material, 

9  Esso  Humble  WS5251  (PWA  521B  Type  H)  -  Tested  with  M-50  CVM 
ball  material. 
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«  PWA  524R  (Polyphenyl-Ether  Skylube  600  Reclaimed)  -  Tested 
with  M-50  CVM  ball  material. 

•  PWA  52. IA  (MIL-L-7808D)  -  A  rig  calibration  was  made  using 
this  lubricant  and  52100  CVM  material  to  determine  accuracy 
and  repeatability  of  rig  results, 

(2)  Rig 

A  ball  fatigue  test  rig  is  shown  in  Figure  10-13.  The  test  ball  was 
held  between  two  130°  V-groove  MVI  (M-50  equivalent)  races  by  a 
flat-plate  bronze  cage  and  loaded  through  the  upper  race  by  a  hydraulic 
load  piston  on  top  of  the  rig.  See  Figure  10-14.  The  rig  was  belt- 
driven  at  approximately  7,600  rpm  by  an  electric  motor.  Lubricating 
oil  was  supplied  to  the  test  specimen  by  means  of  two  multiple -orifice 
oil  jets.  The  oil -in  temperature  was  maintained  at  300 0F  during  all 
tests, 

(3)  Facilities 

Five  ball  fatigue  test  rigs  were  utilized  for  the  lubr- cant -material 
evaluation  program.  The  five  rigs  had  common  lubricating  and  load- 
oil  systems.  Load-oil  pressure  was  maintained  at  60.2  psig,  pro¬ 
ducing  a  downward  force  of  421  pounds  on  the  test  specimen,  and 
thereby  exerting  400,000  psi  mean  Hertz  stress  at  the  points  of  con¬ 
tact  between  the  test  ball  and  V-groove  races. 

c.  Method  of  Test 

For  each  test,  a  lot  containing  15  balls  was  run  until  failure,  or  20 
hours,  whichever  occurred  first.  The  rigs  were  equipped  with 
accelerometers  which  stopped  the  test  in  response  to  the  vibration 
of  a  ball  failure. 

The  number  of  cycles  for  each  ball  in  each  lot  was  computed  and 
plotted  on  Weibul  curves  to  show  B-10  life,  the  life  expectancy  of 
90  percent  of  the  balls  in  any  given  lot.  Figure  10-15  shows  a  typical 
ball  failure  from  spalling. 

d.  Test  Results 

A  total  test  time  of  972.  75  hours  was  accumulated  in  ball  material 
testing  during  the  six-month  period  covered  by  this  report, 
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The  results  of  this  testing,  in  terms  of  B-10  life  and  percent  of  base¬ 
line  standard,  are  tabulated  below: 

Oil/ Ball  Material  B-10  Life/ Cycle  Percent  of  Baseline 

MIL-B-7808D  (PWA  521A)/ 


M-50  CVM 

15.7  x  106 

(Baseline) 

Humble  WS5251/M-50  CVM 

9.3  x  106 

59.  1 

Humble  4040/M-50  CVM 
(2nd  Test) 

8.  1  x  106 

51,6 

PWA  524R  (Skylube  600/M-50 
CVM 

6,4  x  106 

40.  8 

Celluthcrm  2712C/M-50  CVM 

2.7  x  106 

17.2 

Humble  4040/M-50  CVM 
(1st  test) 

1.63  x  106 

10.4 

M1L-L-7808D  (PWA  52 1A)/ 
52100  CVM 

5.7  x  10*> 

(Baseline) 

CeUutherm  2712C/52100  CVM 

0,98  x  106 

17.3 

Figures  10-16  through  10-22  show  the  Weibull  distributions  for  each 
of  the  oil  and  ball  material  tests. 


o.  Discussion  of  Results 

The  significance  of  ball  material  test  results  depends  on  background 
items  in  the  overall  test  program.  Pertinent  background  is  listed 
below: 


#  Test  balls  are  made  from  the  same  heat  of  steel  and  purchased 
in  quantities  of  10,000  to  assure  uniform  quality. 

,  A  baseline  or  standard  B-10  life  cycle  is  established  with  each 
new  lot  of  balls,  and  subsequently  rechecked  at  periodic  intervals. 
The  baseline  is  revised  if  necessary  with  each  purchase  of  a 
now  lot  of  balls. 

«  The  materials  tested  during  Phase  II-B  represent  two  stages  in 
the  state  of  the  art:  AISI  52100  CVM  steel  is  an  improved  ver- 
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sion  of  a  widely-accepted  bearing  steel,  heat-treated  and 
stabilized  for  use  to  temperature  levels  of  400 "F;  M-50  CVM 
is  an  advanced  bearing  steel,  currently  used  In  several  Pratt  6 1 
Whitney  Aircraft  production  engines,  normally  stabilized  for 
use  to  600 °F  with  a  potential  limit,  through  additional  heat  treat, 
of  1000°F. 

The  results  of  the  Phase  IX-B  tests  were  analyzed  and  compared  with 
previous  data  to  determine  the  relative  worth  of  each  lubricant,  with 
special  consideration  for  potential  temperature  limitations, 

The  results  indicate  that  the  fatigue  life  of  PWA  5?,4  oil  is  approxi¬ 
mately  half  of  that  attributed  to  PWA  521  oil;  however,  PWA  521 
appears  to  degrade  rapidly  at  temperatures  above  300°F,  whereas 
PWA  524  shows  a  relatively  unchanged  fatigue  life  to  temperatures 
above  500°F. 

Humble  4040  oil  produced  a  relative  B-10  life  of  10.4  percent  during 
one  evaluation,  and  a  relative  B-10  life  of  51.6  percent  during  a  second 
evaluation.  These  results  wore  considered  valid  and  the  difference 
was  attributed  to  a  variation  in  the  batches  of  oil  used  during  test, 

f,  Recommendations 


The  performance  data  as  noted  above  indicates  the  need  for  further 
evaluation  of  lubricants  with  special  consideration  for  those  lubrlcantB 
having  high-temperature  capability,  such  as  PWA-524  and  Monsanto 
MCS  293. 

3.  OIL  PUMP  AND  JET  TESTS 

a.  Introduction 

The  purpose  of  this  work  was  to  1)  design,  fabricate  und  test  at  elevated 
temperatures,  an  oil  pump  having  rolling  elements  rather  than  Journal 
bearings,  and  2)  to  establish  design  parameters  for  development  of  morn- 
efficient  oil  jets. 

b.  Description 
(1)  Component 

The  pump  tested  was  a  gear  pump  having  four  roller  bearings  for 
shaft  support,  A  schematic  of  the  pump  is  shown  In  Figure  10=23, 
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A  typical  orifice  and  inlet  jet  toot  configuration  is  shewn  in  Figure 
10-24, 

(2)  Tool  Facility 

TI10  pump  was  mounted  directly  to  a  5il  ratio  gearbox  driven  by  a 
19  lip  ravaretbia  electric  drive.  Oil  was  nut  plied  from  a  Separata 
tank  and  heated  with  electric  healers.  Oil  temperatures  and  flows 
were  read  and  recorded. 

The  various  Jet  configurations  were  tested  in  the  stand  facility  shown 
In  Figure  10-29, 

o.  Method  of  Test 

The  pump  was  scheduled  for  calibration  in  a  441  -point  program  con¬ 
sisting  of  combinations  of  the  following  variables | 

*  Pressures  (in  Hg  abs,  ji  30,  29,  20,  19,  10,  Q,  6,  4,  and  2, 
«  gpeedo  (rpm)i  1000,  2000,  2900,  3000,  3900,  4000  and  4900, 

*  Outlet  Pros  suras  (psi}t  10,  20,  30,  40,  90,  100  and  190, 

Oil  flews  and  temperatures  are  recorded  at  each  point, 

Twenty-eight  oil  Jets,  with  diameters  from  0,040  to  0, 140  inch,  were 
tested  during  the  Phase  11-13  program,  Flash  Jet  configuration  was 
tested  with  three  diameters  of  flow  straightensrs  (0, 150,  0,200,  and 
0,250  in, )  located  immediately  upstream  of  the  jet,  The  last  fluid  in 
all  tests  was  PWA  92 1 A  oil  at  ambient  temperature  and  at  pressures 
ranging  from  10  to  140  psig*  Pressure  losses  were  recorded  and 
photographs  of  spray  patterns  were  taken  for  each  jot  configuration, 

d.  Test  Results 

Flow  calibrations  with  PWA  921  oil  at  a  temperature  of  290*11  totaled 
95  hours  of  running  time,  The  rolling  element  bearings  performed 
eallsfanlerlly  through  the  test  program,  Data  wore  directly  comparable 
with  currant  pump  teal  data,  Stand  modifications  were  scheduled  In  an 
effort  to  improve  overall  pump  performance  prior  to  endurance  teal 
evaluations. 

Four -hundred  and  thirty  hours  of  testing  were  completed  in  the  oil  jet 
study  program, 
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B,  SEAL  DEVELOPMENT 


j.  FACE  flEAL  TESTS 


A  Ihreo upliflfli  program  of  footing  face  seals  was  sotidutHeU  under  the 
Phase  II- B  cent  reel  to  obtain  data  on  major  seeling  variables,  The 
first  phase  was  dli'actad  towards  optimisation  of  tint  spring  load  used 
in  the  «<tnl  assembly)  the  nueund  phase  woe  conducted  to  evaluate  the 
geometric  unbalance  on  the  ear  bon  seal  foes  while  using  the  optimum 
spring  loud  determined  from  previous  taoiSj  the  third  phase  aimed  at 
dpllmicsation  of  seel  lip  width,  These  phases  ware  iompleled  in  the 
prssorihsd  lime  period, 

b,  BeorrintJon 

f  is  _rfcm tf  iii  ii  ns  i 

The  seals  tested  In  this  program  were  of  ilia  wet  face  type  with  eon* 
volitional  piston  ring  type  secondary  seals  in  accommodate  a*l«l 
BHourslono  of  the  seal.  The  seal  plates  were  of  the  flamopUied,  oil* 
cooled  type,  which  allows  cooling  oil  to  be  directed  to  the  sealing 
interiors  for  cooling  and  to  provide  the  neceassry  oil  film  to  areata 
a  hydrodynamic  bus  ring, 

(1)  JUfl 

Thu  rig  used  for  this  program  was  losignod  so  that  otrnulatad  BUT’ 
engine  envl  rornnentai  and  operating  conditions  could  he  imposed  on 
tlie  seel.  The  component  parts  of  the  tig  are  shown  in  figure  10*86' 
Instrumentation  noBeesary  for  recording  prueayree  and  tompuratures 
was  Inutajjad  In  thu  rig  in  the  appropriate  areas, 

(2)  Facility 

The  rig  mounted  In  the  last  stand  is  shown  in  Figure  10*27,  Thin 
stand  had  the  equipment  necessary  to  supply  an  adequate  quantity  o / 
oil  and  atf  to  tlie  rig  at  the  proper  temps  rat  urou  end  p  r «  «  s  u  ru  s , 
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e,  Method  of  Test 

Hie  nlr  healed  by  a  hot  wire  healer  lo  n  i£>00*F  limit,  A  rotating 
drum.tiulucUen-iypo  uil  hunter  was  instnltsd  raplnclng  the  cnl-rod 
healers  used  previously)  thin  healer  raised  the  tfUnpuialurp  of  the  all, 
out  of  the  fl(  *l«#taye  steam  lisntar  from  200  lo  400 'F,  "J  h«  ell  used 
was  PWA  §24.  Tlie  rig  was  driven  by  a  piston  engine  through  a  12 it 
ratio  step-up  gearbox,  The  rig  Instrumentation  woe  furnished  as 
pari  of  the  stand  or  supplied  as  special  equipment. 

The  firm  phase  consisted  of  lasting  seals  w|  h  varied  opring  loads 
from  nine  to  36  pounds.  The  second  phase  was  to  test  seals  with  tin- 
balance  configurations  while  using  the  optimum  spring  toad.  Tests 
were  conducted  on  seals  having  unbalances  of  ?§  percent,  66  perc-nrtl 
and  61  percent,  Tile  third  phase  run  was  io  deist  mlnu  Ideal  lip  width 
while  using  the  optimum  parameters,  deals  with  lip  widths  of  0. 160, 

6,  160  nnd  0,200  and  0,280  Inches  were  run, 

All  testing  in  these  phases  wtifB  eondueiud  at  rig  npvsdi  of  12,600  rpm* 
000'F  air  tamperfilitre,  >}QQ*F  oil  lamparalure  using  PWA. 824  ©11,  and 
varied  air  pressures  of  90,  30,  26  and  10  peig, 


d,  Tssr  Uesults 

Seventeen  builds  warn  aempleted  and  a  total  of  27  losin  were  run,  A 
total  of  |0i,7§  tsei  hours  were  accumulated  during  this  period, 

The  test  data  are  tabulated  In  Table  1 0 •  I  following, 

The  general  trend  of  the  data  indicates  that  a  seal  with  a  ifi  lb,  sBPtno 
lead,  6“  j j h i  c u n f  Cuba In nee,  mid  sent  Up  width  Of  0,  190  or  6,206  inch 
wide  wilt  function  properly  at  the  conditions  stated 


0 '  Pise  ns  lion  of  ResujbB 

Tile  tests  conducted  during  Hits  report  period  contributed  lo  the  gun urn  I 
MT  development  program  by  establishing  the  seal  design  racjtiireiiiiinis 
that  ran  be  used  under  the  prasonl  BUT  conditions, 

Data  from  the  spring  load  lasts  Indicates  that  a  ID  lb,  load  gave  the 
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boot  waar  rata  and  still  kept  leakage  downi  a  27  lb,  load  caused  a 
higher  wear,  and  ft  V  lb.  load  was  too  light,  canning  the  floal  to  bo 
unstable, 

Data  from  the  unbalance  program  indicated  that  a  63  percent  unbalance 
gave  the  best  results,  a  75  percent  unbalance  tended  to  overload  the 
seal,  and  u  53  percent  unbalance  caused  a  negative  closing  force  which 
gave  an  unstable  seal, 

An  0,  ISO  to  0,  200  inch  seal  lip  was  Judged  to  be  the  better  goal  lip 
width,  Whon  a  0, 2§0  Inch  lip  seal  was  run,  a  tracking  problnm  evolved, 
creating  higher  leakage  and  uneven  wear,  An  0,  100  inch  wide  lip  was 
too  narrow  to  bo  usud  effectively  with  the  wet-face  seal  plates, 

f,  Recommendations 

The  teat  programs  conducted  during  the  three  study  contracts  have 
definitely  established  the  feasibility  of  the  face  seal  for  use  at  expected 
00T  operating  and  environmental  conditions,  Variations  in  seal  per¬ 
formance  between  teats  also  suggest  that  secondary  variables  have 
a  more  significant  effect  on  the  seals  At  the  8 ST  operating  conditions 
than  in  current  udvancod  engine  seal  applications, 

Those  results  point  out  the  necessity  for  continuing  investigation  Into 
a  complete  seal  development  program  in  which  all  the  aspects  of 
geometric  variations,  materials  combinations,  cooling  and  lubricants 
are  investigated,  New  and  advanced  sealing  concepts  must  also  be 
studied. 

Long  time  endurance  runs  are  required  on  all  potential  seals  for  use 
in  an  BST  engine  in  order  to  establish  durability,  reliability,  and 
potential  time  between  overhaul, 


2,  RING  SEAL  TESTS 
a,  Introduction 


The  purpose  of  thin  work  was  to  develop  a  ring  seal  design  that  would 
perform  satisfactorily  ol  higher  rubbing  speeds  required  in  the  SST 
engine,  The  higher  rubbing  velocities  are  a  result  of  larger  diameter 
and  high  rotating  opoeda,  The  geometry  must  be  ouch  that  the  tteul 
would  fit  in  the  allowable  space,  and  the  wear  rates  obtained  utd  >t 
conditions  of  higher  piregaures  and  temperature  muni  be  low  anav gh 
to  insure  long  life, 
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(1)  Component 

Tho  components  tested  were  made  of  carbon  and  of  the  ring  seal  con¬ 
figuration,  The  geometric  variations  and  the  designs  are  shown  in 
Figure  10-44, 


Type  GPJ-33  carbon  material  ring  a  aula  of  tho  radial  groove  type 
were  looignod  for  the  statistical  type  program,  The  uoal  plnLae 
against  which  the  aonlo  mated  were  of  Haynes  Stellite  6B  material, 

A  seal  plate  thro  ft -fourths  of  an  inch  in  thickness  was  provided  for  n 
suitable  hoot  sink,  The  rubbing  face*  of  the  (tool  plates  were  ground 
and  lapped  to  a  two  light-band  flatneoa.  Figures  10-43  and  10-46  show 
the  seal  components  in  "exploded"  arrangement  and  an  assembled, 
respectively, 

(2)  Test  Rig 

A  sell  emetic  sketch  of  the  test  rig  used  to  teat  the  ring  seals  is  shown 
in  Figure  10-47,  Two  seals  were  mounted  back  to  back  on  the  rotating 
shaft  between  lapped  seal  plates,  The  stationary  seal  liner  was  chroma- 
plated  on  the  internal  diameter  rubbing  surfaces,  Two  nerds  wore 
tested  simultaneously  to  eliminate  thrust  forces  duo  to  air  pressure 
loading  within  Lhe  rig.  During  tin*  program  two  rigs  and  four  inter¬ 
changeable  shafts  ware  usod.  Figures  If -43  and  10-49  show  two  views 
of  a  ring  seal  teat  rig  mounted  on  tho  toot  stand, 


(3)  Facility 


The  teat  stand  u<*od  during  this  program  was  adequately  supplied  with 
equipment  and  instrumentation  necessary  to  conduct  tha  testa,  Three 
Independent  rig  positions  wore  provided  on  the  lost  stand  for  sirmiltfinapuD 
operation, 


Power  wan  provided  by  19  lip,  1730  rpm  electric  motors  driving  through 
variable  speed  pulleys.  The  pulleys  were  in  turn  connected  to  u  9il 
ratio  gearbox  on  which  the  test  rigs  were  mounted,  Air  was  supplied 
to  load  the  at-nlo  at  pressures  up  to  120  psig,  Auxiliary  equipment 
such  oh  lubricating  and  f ire  fighting  systems  were  also  mounted  In  the 
lost  stand, 


Air  pressure,  air  temperature  and  rig  rpm  wore  controlled  from  a 


SAUI  III)  l(j=i7 


■svv'itu  t '  #  ius  eimiti 
m»i  <!■'(■  tell  H  i»i*t 
IM  l 

‘('Vst’lt'V-it  if  Hi  li.inVMj  *'  H -I  ‘ft 

•  l<M|  t>  <-»  lit  If  I  if  il*l  Mil  f  •  J  I 
ililnl  '»i  i«l  «M  '»  »»*•#«  H  if  »» 
hm.iM;  if  Ji  J  *s*  it»fit  t» 

ii  iu.iMi  iii  •»  'ti  ii  its 


GONPIBSMTIAL. 


PIUTT  A  WMITHCV  AlftCrtAFT 


PWA-2600 


test  bench  console  located  at  the  front  of  the  stand.  Oil  pressures  and 
temperatures,  breather  temperatures  and  rotometer  air  flow  were 
measured  and  recorded, 

c,  Method  of  Test 


The  standard  tost  program  shown  in  Table  10-2  consisted  o{  operating 
seals  at  200,  250  and  275  ft/sec  speed  level  at  a  pressure  of  40  and  60 
psig  using  an  ambient  tomperaturo  air  source.  Two  sea,  hi  addition 
wore  tested  at  conditions  of  325  ft/sec  and  90  pel. 

Each  test  was  scheduled  for  five  hours.  It  was  terminated  prior  to  that 
time  if  the  breather  (air  out)  temperature  reached  400 ’F  or  if  the  roto- 
motor  indicated  more  than  a  15  percent  increase  in  seal  leakage  bet¬ 
ween  test  points,  The  seals  wore  considered  to  have  failed  if  there 
was  a  sudden  increase  in  aoai  leakage  or  if  the  leakage  rate  reached 
100  percent  on  the  stand  flowmeter  capacity  (36,  2  cu  ft/min).  High 
seal  leakage  and  seal  temperatures  wore  avoided  to  eliminato  any 
potential  fire  hazard, 

JEach  ol  the  tost  ring  seals  were  precisely  measured  axially  and  radially 
both  prior  «■>  unci  after  testing.  The  five  hour  wear  rats  was  used  an  the 
bnsie  for  an  (intimated  100-hour  wear-rate  moaouromont. 


d .  Tost  Result* 

Fifty  rig  hours  (100  sunl  hours)  wore  accumulated  In  tests  with  eight 
Inch  diameter,  radial-grooved  ring  seals.  The  complete  program  Is 
outlined  In  Table  10-2.  Two  other  short  testa  were  made  in  addition 
to  thin  program.  Two  scale  wore  run  at  conditions  above  those  In  the 
statistical  program,  but  failed  after  two  hours  of  running.  The 
conditions  of  this  teat  aro  listed  at  the  end  of  tho  statistical  program 
under  Teat  "X”,  In  addition,  three  runs  wero  made  In  a  test  to 
evaluate  circular -grooved  no aln.  The  results  of  this  test  confirmed 
previous  results  showing  nenlo  with  circular  grouvoe  to  bo  inharsntly 
weak. 

All  toots  wore  made  with  CDJ-03  grade  carbon  weals  aguinst  f-Iaynon- 
Stollitc  60  Alloy  plates. 
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TABLE  10-2 

RING  SEAL  TEST  PROGRAM 


Design 


Location  A 

c_ 

Thickness 

No,  of 

G  i'  oov  v 

(Radial) 

Pads  Per 

Width 

Tc  hi 

(Inch  re) 

In.  Dia. 

(Inchoa) 

1 

.  2 

4 

.  200 

?. 

.  2 

6 

.  155 

3 

.8 

6 

.  200 

4 

.8 

4 

.  155 

5 

.2 

6 

.  155 

6 

•  2 

6 

.  155 

7 

.  8 

6 

.  1  55 

8 

,  8 

6 

.  155 

<) 

.  ?. 

6 

.  200 

10 

.  a 

6 

.  155 

1  i 

,8 

4 

,  200 

1  2 

.  8 

4 

.  155 

1  3 

.  2 

4 

.  155 

14 

.2 

4 

,  155 

15 

<  2 

6 

,  155 

16 

.2 

4 

.  20U 

17 

.  2 

6 

.  155 

18 

.2 

4 

.  155 

10 

<  8 

6 

.200 

20 

.  2 

4 

.  200 

21 

,2 

4 

.200 

22 

.8 

4 

.  155 

23 

.8 

4 

.  200 

24 

.0 

4 

.  200 

25 

.2 

6 

.  200 

26 

.8 

4 

.  200 

27 

.2 

4 

.200 

211 

.8 

4 

.200 

20 

.  8 

si 

.  200 

30 

.2 

6 

.  155 

31 

.2 

6 

.  200 

32 

.  8 

6 

.  ZOO 

3  3 

.2 

6 

.  200 

34 

■  2 

4 

.200 

35 

.  2 

6 

.  155 

36 

.  8 

4 

.  200 

37 

.  2 

4 

.  155 

18 

,8 

6 

,  155 

I'l 

.  8 

6 

.  200 

40 

fj 

' 

.  1  TO 

1  1 

<• 

6 

.  200 

12 

.  h 

.  200 

4  1 

.8 

'1 

.  155 

1 4 

> 

.  1  55 

X 

.  K 

4 

.  i  25 

_D_ 

E 

I- 

/'■ 

~~~ 

\  I 

Outside 

Air 

Lip 

Speed 

Diaineter 

P  re  San re 

Width 

(ft.  /sec) 

(Inches) 

iP»i) 

(Indies) 

250 

6 

60 

.025 

250 

6 

40 

.050 

275 

6 

40 

.  050 

200 

6 

40 

.  050 

275 

6 

40 

.  025 

250 

6 

40 

.  050 

200 

6 

60 

.050 

250 

6 

60 

.050 

250 

6 

60 

025 

275 

6 

60 

.  050 

275 

6 

60 

.025 

275 

8 

40 

.  025 

200 

8 

60 

,  050 

275 

8 

60 

.  025 

275 

8 

40 

.  050 

200 

8 

40 

.025 

275 

8 

40 

,  050 

250 

8 

60 

.  050 

200 

8 

60 

.025 

200 

8 

40 

.  025 

275 

8 

60 

.  050 

250 

8 

60 

.  025 

250 

8 

40 

.025 

275 

6 

40 

.  050 

200 

6 

60 

.  0z4 

275 

b 

60 

.  025 

250 

b 

40 

.  025 

275 

6 

40 

040 

250 

6 

40 

.  0n0 

200 

6 

40 

.  024 

200 

6 

60 

.  U5U 

200 

6 

40 

.  025 

275 

6 

60 

.  024 

275 

8 

40 

.  050 

250 

8 

40 

.  050 

200 

8 

60 

,  050 

200 

8 

40 

.  025 

250 

8 

40 

.  050 

200 

8 

(.0 

.  024 

275 

8 

till 

.  024 

250 

8 

60 

.  02i 

200 

8 

1.0 

.  040 

200 

8 

40 

.  0  ,0 

240 

8 

i 

040 

325 

8 

20 

.  050 
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The  results  of  the  radial -grooved  seal  tests  are  tabulated  below: 
Radial-Groove  Seal-Test  Results 


Test 

Point 

No. 

Radial 

Thickness 

Air 

Pressure 

Speed 

Test 

Time 

Front 

Wear 

Rear 

Wear 

Inches 

PSIG 

rpm 

hours 

Mils/ 100  hours 

20 

0.2 

40 

5730 

5.0 

156.0 

54.0 

41 

0.8 

60 

7150 

5.0 

80.0 

6.0 

22 

0.8 

60 

7150 

5.0 

36.0 

26. 0 

38 

0.8 

40 

7150 

5.0 

6.0 

52.0 

37 

0.2 

40 

5730 

5.0 

36.0 

34.0 

43 

0.8 

40 

5730 

5.0 

20.0 

10.0 

X 

0.8 

90 

9310 

2.0 

Broken 

Broken 

-  e.  Conclusions 


Seals  with  straight  radial  grooves  are  inherently  stronger  than 
those  with  circular  grooves. 

«  Seals  with  a  0.  800  inch  radial  width  have  lower  wear  rates  than 
those  with  0.  200  inch  radial  width. 

*  Adequate  sealing  and  low  wear  can  be  achieved  with  ring  seals 
having  radial  grooves  machined  into  the  face. 

f .  Re  commendations 

»  That  future  studies  be  made  to  determine  the  optimum  radial  seal 
width  for  operation  at  conditions  at  or  above  those  expected  for 
the  SST  application. 

»  That  future  studies  be  made  to  determine  the  effects  of  varying 
groove  geometry  such  as  "-aper  and  cross-sed'on. 

3.  MATERIALS  AND  DESIGN  TESTS 

a.  Introduction 


This  program  was  established  to  test  candidate  materials  for  carbon 
ring  seals  and  seal  plates.  These  materials  are  evaluated  at  conditions 
expected  in  the  SST  application  and  optimum  seal- seal  plate  combinations 
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are  determined. 

(1)  Component 

The  components  tested  were  carbon  ring  seals  with  metal  seal  plates. 

The  carbon  seals  had  an  outside  diameter  of  4.9  inches  and  a  radial 
thickness  of  0.420  inch.  The  mating  seal  plates  were  ground  and  lapped 
to  a  two  light  band  flatness. 

(2)  Test  Rig 

Two  seals  were  mounted  back-to-back  on  the  rotating  shaft  between 
lapped  seal  plates.  The  stationery  seal  liner  was  chrome  plated  on 
the  I.D,  rubbing  surfaces.  Two  seals  were  tested  simultaneously  to 
eliminate  thrust  forces  due  to  pressure  loading  in  a  rig.  Three  rigs 
with  six  interchangeable  shafts  were  used. 

(3)  Facility 

A  test  stand  was  equipped  with  equipment  and  instrumentation  to  handle 
the  program  and  obtain  the  necessary  data. 

Power  was  provided  by  15  hp,  1750  rpm  electric  motors  through  variable 
speed  pulleys.  The  pulleys  were  connected  to  a  5:1  ratio  gearbox  and 
the  rigs  were  mounted  on  the  gearboxes.  Air  at  pressures  up  to  120 
peig  was  supplied  to  the  rigs.  See  Figure  10-50. 


Air  pressure,  air  temperatures  and  rig  speed  were  controlled  from  a 
console  mounted  in  front  of  the  stand.  See  Figure  10-51.  Oil  pressures 
and  temperatures,  breather  temperature  and  rotometer  flows  were  read 
and  recorded. 


b.  Method  of  Test 


The  test  program  consisted  of  the  16  points  listed  in  Table  10-3.  In 
three  instances,  this  program  was  revised  to  include  more  points  or 
different  conditions,  as  is  noted  in  the  following  discussion.  Each  test 
point  was  scheduled  for  five  hours,  A  point  was  terminated  prior  to 
that  time  if  the  breather  (air  out)  temperature  amounted  to  400°F 
or  if  there  was  more  than  15  percent  increase  in  seal  leakage  between 
each  step.  The  seal  was  considered  to  have  failed  if  there  was  a  sudden 
increase  in  seal  leakage  or  if  the  leakage  rate  reached  100  percent  on 
the  stand  flowmeters  (35.5  SCFM).  High  seal  leakage  or  seal  temperatures 
were  avoided  because  of  fire  hazard. 
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Each  of  the  test  ring  seals  were  precisely  measured  axially  and  radially 
prior  to  and  after  test.  The  difference  in  measurement  was  multiplied 
by  a  factor  of  ?,0  to  give  wear  rate  in  mils/ 100  hours. 


TABLE  10-3 

SEAL  MATERIAL  EVALUATION 
STANDARD  PROGRAM 


Point 

Air  Press. 

Air  Temp, 

Speed 

No. 

Psig 

4F 

Rpm 

1 

30 

500 

6000 

2 

50 

500 

6000 

3 

80 

500 

6000 

4 

30 

500 

9000 

5 

50 

500 

9000 

6 

80 

500 

9000 

7 

30 

100C 

6000 

8 

50 

1000 

6000 

9 

80 

1000 

6000 

10 

30 

1000 

9000 

11 

50 

1000 

9000 

12 

80 

1000 

9000 

13 

80 

500 

6000 

14 

80 

500 

9000 

15 

80 

1000 

6000 

16 

80 

1000 

9000 

Each  point  is 

run  for  5.0  hours  unless 

terminated  by 

carbon  or  seal 

plate  failure. 


c.  Method  of  Teat 

Tests  totaling  729.75  rig  hours  (1459.5  seal  hours)  were  made  to  evalu¬ 
ate  eight  carbon  grades  and  six  seal  plate  materials,  The  4,9-inch 
diameter  ring  seals  were  tested  in  the  standard  program  outlined  in 
Table  10-3,  Unless  otherwise  specified,  each  carbon-seal  plate  com¬ 
bination  was  subjected  to  this  16-point  program,  Two  experimental 
carbon  grades  and  one  seal  plate  material  were  subjected  to  conditions 
higher  than  those  in  the  standard  program,  as  noted  in  the  following 
discussion.  Baseline  carbon  grade  was  National  Carbon  CDJ-83  and 
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baseline  aaal  plate  material  was  Haynes  Stellite  6B,  Figure  10-5  2 
presents  a  curve  summarizing  previous  tost  results  of  the  baseline 
CDJ-G3  vs,  Stellite  6B  material  for  reference.  Data  curves  from  all 
testa  are  included  in  Figure  10-53  through  10-81, 


d,  Test  Results 

A  summary  of  seal  vs,  plato  combination  test  results  follows! 

Carbon  F2239_vg,f  Stellite  6B 

This  was  one  of  the  two  carbon  grades  which  showed  better  perform¬ 
ance  than  the  bauiilina  grade,  Wear  rates  wore  25  to  40  mils/100  hrs. 
lower  than  CDJ-83  carbon  against  Stellite  6B  plates  at  the  same 
conditions.  A  carbon  failure  occurred  in  one  of  the  16  tost  points, 

See  Figures  10-53  and  10-54, 

Speer  9  341  vs.  Stellite  6K 

Wear  Rates  wore  30  to  75  railfl/100  hours  higher  than  standard 
CDJ-83  vs,  Stellite  6B.  No  carbon  breakage  occurred  in  the 
16-poinv  program,  Sea  Figures  10-53  and  10-56, 


Speer  9341  ve.  Stellite  6B 

■I  in  I  I  i  i  hi  m" in  m  n— — 


Wear  rates  for  this  assembly  were  30  mils/100  hours  higher  than 
CDJ-83  ve.  Stellite  6B,  The  standard  program  was  altered  to  in¬ 
clude  additional  testing  at  air  pressures  of  90,  100,  and  110  psig. 
Extreme  wear  rates  wore  experienced  at  these  higher  air  proasureo, 
See  Figures  10-57  and  10-58, 


.Luna  a 
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High  breakage  occurred  at  9000  RPM,  Extra  repeat  points  wcro 
run  and  carbons  failed  in  seven  of  the  19'  total  points  run,  Wear 
ratee  for  those  specimens  which  completed  the  five  hours  of  i*unning 
were  moderate,  Refer  to  Figures  10-59  and  10-60, 

Pure  Carbon  P03XHT  vs,  Chrome  plate  on  AMS  6323 

Highest  wear  ratos  were  below  1,00  mlls/lOO  hours  on  carbons 
that  completed  five  hours  of  running,  ;  Carbons  failed  during  four 
of  the  IS  points  run,  (Point  4  was  omitted) .  Refer  to  Figures 
10-6  1  and  10-62. 
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Pure  Carbon  P03XHT  vb.  Stellite  6B 

1  rna^mm — TI  mmm  i 

f 

High  seal  wear  end  breakage  occurred  6t  a  lernparaturo  of  lOOO'F, 

Wear  rates  wore  also  excessive  at  9000  rpm  at  both  temperature 
conditiono,  The  failure  rate  was  38  percent  at  1000°F  ftnd  13  per-  | 

cental  5008F  air  tornporaluro  .  Rate  r  to  Figures  10-63  and  10-64. 


National  Carbon  B-29  36  vs,  Stellite  61<  lt 

. —  ■  ■  ■■■  ■■ 1  ■■  11  ■  ■  » l- 

SI 

Toflto  wore  made  at  spaedc  and  air  pressures  exceeding  Lhoae  in 
the  standard  16-point  program,  B-2936  carbon  material  out -per-  K 

formed  National  Carbon  CDJ-83  nt  speeds  from  9000  to  11700  ** 

rpm  and  air  preaeuroe  from  70  pel  to  90  psi,  A  seven  point  pro¬ 
gram  at  the  above  conditions  resulted  in  throe  carbon  failures  1  = 

and  a  maximum  wear  rate  of  140  mils/ 100  hours.  See  Figuru  — 

10-63.  A  l6»point  program  was  conducted  at  higher  speocln  and  pron- 
surea  with  one  CDJ-03  seal  and  one  B-2936  seal  run  simultaneously  in  If 

the  test  rig  at  each  point,  (Ita/er  to  Figures  10-66  and  10-67,  Five 
CDJ-83  seals  failed  in  the  16  point  program  and  no  failures  occurred 
with  13-2936  seals,  V/oar  rates  of  B-2936  were  30%  less  than  for  CDJ*  I? 
03  at  H ,  700  rpm,  100  psig,  and  SOOT.  K 


U5C  2800  vs,  Sto Illto  6K 

Wear  rates  were  excessive  nt  high  air  proflaureei  carbon  failure 
rate  wae  50  percent.  Refer  tu  Figures  1 0 » 6 0  and  10-69, 

USC  2003  vs.  Stellite  6 K 


Carbon  wear  rates  wore  excessive  and  10  carbon  failureo  occurred 
in  the  14  points  run,  (Two  points  were  omitted.)  Refer  to  Figures 
10-70  and  10-71, 

USG  2777  vs,  Linde  LC1C  Flameplate 

Woar  rates  compared  favorably  with  CDJ-83  carbon.  Four  of  the 
16  points  were  terminated  by  carbon  failures  at  80  psi.  See  Figures 
10-72  and  10-73. 

Seal  Plate  Material  Evaluations 

Three  new  Boal  plate  materials  (Bru&,h  Beryllium  N^Be,  Haynes 
No,  25,  and  Clavite  300)  were  tooted  with  baseline  CDJ-83  carbon 
seals .  The  programs  varied  from  the  standard  16- point  procram 
as  noted  in  the  following  discussion.  None  of  the  seal  plate  materials 
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performed  bolter  than  the  bnaolino  Stellite  6B  seal  platoa  below 
1000®F. 

Although  the  performance  of  coot  N(Da  plates  woo  below  thn  J  of 
Stellite  613  platan  nt  temperatures  up  to  10008F,  this  inalnrinl 
was  superior  to  all  other  materials,  Including  Stellite  613,  at 
tamparaturoe  in  the  1200°F  range,  Only  three  CDJ-03  carbons 
failed  during  the  31  total  points  run.  The  seals  were  tooted  at 
temperatures  of  300®,  1000“  and  I200"lr;  air  pressures  ef  30,  50, 
00  and  100  palg;  and  speeds  of  6000  and  9000  rpm,  Refer  to 
Figures  1 0-74  through  10-7? « 

The  sintered  Clavlto  300  sen!  plates  lacked  the  strength  necessary 
te  withstand  the  conditions  of  the  nine  point  program ,  Wear  and 
carbon  breakage  rates  wore  high.  One  seal  plate  fractured 
radially,  See  Figures  10-7B  and  10-79. 

Haynes  Wo,  23  seal  platoa  had  the  boat  performance  below  1000®F 
of  the  three  materials  tested,  Wear  rates  of  the  CDJ-03  seals 
were  all  below  130  mils/ 100  hours  at  3Q0*F,  Maximum  wear 
rate  was  200  mils/ 100  hours  at  the  1000®F  temperature  condition, 
One  carbon  failed  In  the  16  point  standard  program,  See  Figures 
10-80  and  10-81. 

d,  Discussion  of  Rasulto 

These  teats  repreoant  a  preliminary  screening  of  potential  seal 
materials  combinations  for  severe  appllcationn.  Results  were  gen¬ 
erally  lose  successful  than  baseline;  however,  indications  wore  that 
seme  of  tha  carbon  grades,  particularly  B-2936  and  USG  2777,  wore 
strong  candidates  "for  these  conditions  and  that  their  performance 
and  life  can  bo  comparable  to  seals  In  use  in  currant  high  performance 
engines, 

s,  Ro  commendations 

Screening  tests  of  the  batter  materials  tested  in  this  program  should 
be  continued  along  with  evaluation  of  newer  materials  as  they  become 
available,  Subsequent  to  the  screening  torate,  the  hotter  materials 
should  be  fully  evaluated  in  full-scale  face  anrl  ring  seal  assemblies 
to  complete  the  component  portion  of  the  program/  prior  to  engine 
test, 
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WE1DULL  DISTRIBUTION  OF  TEST  DATA  FROM  M-50  CVM  BALL 
BEARING  (125  MM  BORE) 


Figure  10-2 
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VIEW  OF  US  MM  BORE  M-50  CVM  BEARING  AFTER  150-HOUR 
ENDURANCE  USING  PWA-524  OIL  AT  500CF  FOR  COOLING,  ARROWS 
1-4  INDICATE  EXCELLENT  CONDITION  OF  (I)  CAGE  LANDS,  (2) 
COOLING  GROOVES,  (3)  BALL  POCKETS,  AND  (4)  INNER  RACE  LANDS. 
ARROW  (5)  POINTS  TO  SLIGHT  COKING  IN  THE  PULLER  GROOVE. 


Figure  10-4 
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.LOAD  VS,  TEMPERATURE  EFFECTS  WITH  VARIOUS  CAGE  PLATING 
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WEIBULL  DISTRIBUTION  OF  TEST  DATA  FROM  M-50  CVM  BALLS 
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WEIBULL  DISTRIBUTION  OF  TEST  DATA  FROM  M-50  CVM  BALLS 
IN  HUMBLE  4040E  OIL. 
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WEIBULL  DISTRIBUTION  OF  TEST  DATA  FROM  M-50  CVM  BALLS 
IN  CELLUTHERM  271 2C  OIL,. 
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WEIBULL  DISTRIBUTION  OF  TEST  DATA  FROM  AISI  52100  CVM 
BALDS  IN  CELLUTHERM  271 2C  OIL. 
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OIL  JET  TEST  CONFIGURATION  SHOWING  (A)  PRESSURE  TAPS 
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TIME  VS .  LEAKAGE  .EFFECTS  WITH  A  P03XHT  CARBON  (  .  200  TIP) 
AND-  WET^QE  PIRATE  COMBINATION . 

■  ■-  ■.  v  ■  /"  \ 

A  Figure  10-30 


TIME  V,rA  LEAKAGE  EFFECTS  WITH  A  CDJ-83  CARBON  (.150  LIP) 
AND  WI;,r'-FACE  PLATE  COMBINATION. 
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TIME  VS.  LEAKAGE  EFFECTS  WITH  A  P03XHT  CARBON  (.200  UP) 
AND  WET- FACE  PLATE  COMBINATION, 
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TIME  VS,  LEAKAGE  EFFECTS  WITH  A  CDJ-03  CARBON  (,  150  LIP) 
AND  WET -PACE  PLATE  COMBINATION. 
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SEAL  AMD  WET-EACffi  SEAL  PLATE  COMBINATION  AT  VARIED 
PRESSURES . 

Figure  10-39 
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TIME  VS «  LEAKAGE  EFFECTS  WITH  A  CDJ-83  (.150  LIP)  CARBON 
SEAL  AND  WET -FACE  PLATE  COMBINATION. 

Figure  10-42 
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TIME  VS.  LEAKAGE  EFFECT  WITH  A  CDJ-33  (.200  LIP)  CARBON 
SEAL  AND  WET -FACE  PLATE  COMBINATION. 
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VARIABLES  AND  LEVELS 
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AIR  PRESSURE  VS.  WEAR  RATE  OF  A  FQ3XHT  CARBON- CHROME- 
PLATED  AMS  6323  PLATE  COMBINATION  AT  1000T. 
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AIR  PRESSURE  VS.  WEAR  RATE  OF  A  CDJ-83  CARBON-BRUSH 
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AIR  PRESSURE  VS.  WEAR  RATE  OF  A  CDJ-83  CARBON-BRUSH 
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ITEM  ii  -  FTJELS 


OBJECTIVE 

This  item  of  tha  contract  required  that  Pratt  8t 
Whitney  Aircraft  continue  to  work  with  major  oil 
companies  to  invoatigato  fuolo  suitable  for  use  in 
the  ongino  of  a  supersonic  transport  aircraft.  The 
goal  of  tills  program  was  to  obtain  a  satisfactory 
compromise  between  engine  design  parameters  and 
engine  fuel  delivery  temperatures,  to  establish  the 
capability  of,  and  improvement  required,  to  mnko 
"7s t  A"  kerosene  satisfy  the  requirements  for 
economical  supevoonte  transport  operation, 


A.  INTRODUCTION 

During  tho  previous  phabo  of  the  supersonic  transport  development 
program  it  was  determined  that  the  "environmental  conditions  of  tho  SST 
powarplant  required  that  the  Jet  A  fuel  have  a  thermal  stability,  deter- 
mined  in  tho  ASTM-CFR  Fuel  Coker,  of  350/4SS01'F.  This  level  of  fuel 
thermal  stability  was  based  on  a  fuel  delivery  i.ompornture  of  230°F 
maximum  at  tlio  airframe  /angina  interface  and  a  rosulting  fuel  tomparn- 
turo  of  323  “if  maximum  entering  tho  engine  fuel  manifold.  Continued 
reviews  of  the  ihol  environment  conducted  during  Phase  II B  Indicated 
that  those  fuel  thermal  stability  requirements  have  remained  unchanged, 

During  phase  IIB  a  further  investigation  of  the  effect  of  oxygon  dissolved 
in  fuel  on  fuel  thermal  stability  was  conducted  to  determine  if  this 
phenomenon  could  permit  tho  uso  of  present  Jot  A  fuels  having  mini¬ 
mum  thermal  stability  quality. 

B.  INVESTIGATION  OF  THE  EFFECT  OF 
FUEL  OXYGEN  CONTENT  ON  THERMAL  STABILITY 

A  survey  of  Jot  A  and  Jot  A-l  fuols,  comprising  49  samples,  conducted 
during  Fhaso  HA  of  the  supersonic  transport  program  established  that 
about  80  percent  of  present  day  domestic  fuel  of  tho  above  type  could 
n\eot  the  thermal  stability  level  of  350/480  determined  as  necessary  for 
the  SST  powarplant  and  that  the  average  fuel  had  an  ASTM-CFR  Fuel 
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Coker  breakpoint  temperature  of  350-375  °F,  Also  during  Phase  I1A 
a  teat  program  was  conducted  to  investigate  the  thermal  stability 
breakpoint  temperatures  of  three  representative  aviation  kerosene  fuels 
in  tho  CRC  Research  Fuel  Coker  at  a  reservoir  temperature  of  175 T 
and  at  low  fuel  oxygon  contents  equivalent  to  pressure  altitudes  of  1.  0 
psla  and  1,5  poia  (4  ppm  and  9  ppm  fuel  oxygen  contont  respectively). 
Toot  results  on  these  fuels  did  not  show  any  consistent  Improvement 
in  fuel  thermal  performance. 

During  Phase  IiB  these  investigations  wore  broadened  to  toot  a  wider 
oampling  of  Jet  A  and  A-l  fuels  at  low  oxygon  contents.  Eleven  fuels 
of  tho  Jet  A  and  Jet  A»1  type  which  ware  expected  to  have  ASTM-CFR 
Fuel  Coker  breakpoint  temperatures  at  or  below  tho  330-375 °F  range 
ware  submitted  for  testing  by  several  major  oil  eompnnico.  The 
sample  Identification,  vendor  coda  and  fuel  type  for  each  of  those 
fuels  are  shown  in  Figure  11-1,  Physical  properties  of  those  fuols 
are  shown  in  Figure  11-2, 

Each  fuel  was  tested  in  the  ASTM-CFR  Fuel  Coker  at  sovoral  levels  of 
preheater /filter  temperature  to  determine  a  threshold  failure  tempera¬ 
ture,  These  tests  wore  conducted  at  25  °F  increments  of  preheater /filter 
temperature.  Threshold  failure  temperature  was  defined  as  the 
highest  preheater  /filter  temperature  at  which  tne  fuel  would  pass  present 
specification  criteria,  l,e,,  a  Code  2  maximum  preheater  deposit  and 
a  maximum  filter  pressure  rise  of  12"  Hg,  Summarized  ASTM-CFR 
Fuel  Coker  test  results  for  each  fuel  are  shown  in  Figure  11-3, 

Teats  to  evaluate  the  effect  of  low  fuel  oxygon  content  on  thermal 
stability  wore  conducted  on  the  test  fuels  in  the  CRC  Research  Fuel 
Coker  at  a  reservoir  temperature  of  175  °F.  Threshold  failure  tempera- 
turee  were  initially  determined  in  the  CRC  Research  Fuel  Coker  at  this 
reservoir  temperature  under  a  fully  saturated  fuel  oxygen  condition  to 
serve  as  a  baseline.  Coker  tests  were  then  conducted  with  low  fuel 
oxygon  content  by  drawing  a  vacuum  of  0,  9  *  0,  1  psia  on  the  coker 
reservoir  prior  to  the  start  of  testing,  A  magnetic  stirrer  was  operated 
in  the  fuel  reservoir  during  each  test  to  hasten  oxygon  elimination. 

Thirty  minutes  were  allowed  to  precondition  the  reservoir  fuel  to  lower 
oxygen  content  and  to  stabilize  the  pressure.  At  this  point  reservoir 
heating  was  initiated  and  continued  for  approximately  30  minutes,  at 
which  time  a  reservoir  temperature  of  175°F  was  attained  and  the  coker 
teat  started. 
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The  1.0  pola  tank  pressure  roprofjonted  a  typical  cntioo  altitude  for  a 
super nonic  transport  flying  at  Mach  ?>.  7  cruise  with  open  tank  vents 
and  io  equivalent  to  nn  aquilibrium  fuel  oxygon  content  of  4  ppm  (0,25% 
by  volume).  Toots  with  oxygen  contents  equivalent  to  1,5^0.!  pula 
(50,000  ft,  altitude)  and  9  ppm  oxygen  content  (0.5%  by  volume)  were 
also  conducted,  A  Beckman  Model  777  Oxygon  Sensor  was  located  in 
the  fuel  inlot  line  to  the  fuel  cokor  pump  to  monitor  fuel  oxygen  content 
during  each  tent;  the  sensor  probe  was  calibrated  in  air  prior  to  each 
teat. 

Fuel  oxygen  contonta  were  determined  for  each  toot  fuel  under  fully  air- 
saturated  conditions  prior  to  coker  tooting  samples  of  each  fuel  by 
sending  to  a  testing  laboratory  having  gaa  analysis  eapabllitiofl,  The 
toot  fuels  wore  air  saturated  at  00 "F  by  bubbling  air  through  them, 
duplicating  the  air  saturation  occurring  prior  to  colter  testing.  They 
were  subsequently  degassed  by  a  thin  film  vacuum  technique  and  the 
gas  composition  analyzed  in  a  chromatograph,  Oxygon  aaturation 
values  determined  for  the  teat  fuels  are  listed  below.  These  are  the 
dlooolvod  oxygon  valuta  for  the  teat  fuels  at  the  start  of  each  colter 
teat  and  nro  the  bauia  on  which  fuel  oxygen  contents  are  calculated  dur¬ 
ing  each  colter  teat  by  means  of  the  Beckman  Oxygon  Sonaor  probe 
which  basically  indicates  a  read-out  in  percent  of  saturation, 

Fuel  Saturated  Dissolved  Oxygen  Content  at  80  "F 

1564 

1565 

1566 

1567 

1568 

1569 

1573 

1595 

1596 

1597 

1598 

Teat  results  obtained  in  the  CRC  Research  Fuel  Coker  at  175DF  reser¬ 
voir  temperature  with  ambient  reservoir  pressures  (fuel  air  saturated), 
reservoir  pressures  of  1,0  psia  (approximately  4  ppm  oxygon)  and 
reservoir  pressures  1,  5  psia  (approximately  9  ppm  oxygen)  are  shown 
in  Figure  11-4.  Fuel  oxygen  contents  during  tests  at  a  reservoir 
pressure  of  1.0  psia  and  1.5  peia  are  shown  respectively  In  Figures 
1 1  -5  and  1 1 -6. 


4.41  %  by  volume 

3.41  " 

4.45  " 

4.27  " 

4.47  " 

4.48  » 

4. 60  " 

5.03  " 

4.48  " 

4,40  » 

4.  15  " 
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Throflhold  failure  temperatures  determined  for  the  tout  fuels  in  the 
ASTM-CFR  Fuel  Coleer  and  in  the  CRC  Research  Fuel  Coker  under  air 
saturated  and  low  fuel  oxygen  contents  are  flummftr^Aed  In  Figure  5-7, 
With  the  exception  of  Sample  1595  which  had  n  standard  cok,ar  threshold 
failure  temperature  (TFT)  of  375 °F,  the  teat  fuolw  had  thro  ahold  failure 
temperatures  in  the  300-350 ®F  range  and  thus  rtitprissanted  the  lower 
quality  opoctrum  of  dome  otic  Jet  A  thermo.]  atnbllil/. 

At  reduced  fuel  oxygen  contents  equivalent  to  1.0  psla  tank  pressure# 
(approximately  4  ppm  oxygen  content)  all  of  the  teat  fuels  showed  gains 
In  threshold  failure  temperature  ranging  from  25 *F  to  175*I,#F.  At  a 
1.5  pain  tank  pressure  (approximately  9  ppm  oxygen)  no  con  a  latent 
Improvement  in  fu  1  thonnal  stability  performance  warn  noted*  Inasmuch 
no  coker  toot  reproducibility  is  about  ibl) ill °F,  only  gains  In  TFT  equaling 
or  exceeding  50  "F  can  bo  assumed  as  meaningful.  It  can  be  concluded 
from  the  above  that  fuels  vary  in  their  susceptibility  to  oxygen,  oven  at 
vory  low  oxygon  contents.  Thorafore,lfc  appears  that  no  benefits  from 
this  phenomenon  can  bo  applied  against,  the  presently- specified  leva!  of 
fuel  thermal  stability  required  for  the  BBT  power  plant. 


PAUt  Nt.  11-4 


Figure  II- l 


PRATT  ft  WHITNIV  AIRCRAPT 


PWA-2600 


SUMMARY  OF  TESTS  TO  DETERMINE  THRESHOLD  FAILURE 
TEMPERATURE  OF  JET  A  AND  JET  A-l  FUEL  SAMPLES 
IN  ASTM-GFR  FUEL  COKER 


PWA  Temperature 

Sample  Conditions 

Number  Preheater /Filter 

1564  300/400 
325/425 
350/450 

1565  325/425 
•350/450 

'  375/475 

1566  350/450 
375/475 
400/500 

1567  325/425 
350/450 
375/475 

"  “  400/500 

1568  350/450 
375/475 

1569  350/450 

?  '475 

e^v/500 

1573  325/425 

350/450 
375/475 

1595  350/450 
375/475 
400/500 

1596  350/450 
375/475 
WQ/-5GQ 

1697  300/400 

325/425 
350/450 
375/475 
400/500 

1598  350/450 

373/475 
400/300 


Filter 

AP/Minutes 

2.5/300 
11.9/300 
19/300 
0.1/300 
--  -Or 3/300 
25/263 
0.5/300 
14.7/300 
25/245 
5.8/300 
, 14.9/300 
-  25/204 
.  "25/166 
12.2/300' 
25/131 
14.6/300 
25/216 
25/242 
9.0/300 
25/274 
2.5/149 
0.3/300 
0.9/300 
25/142 
^  8. 3/300 
25/239 
25/210 
2.6/300 
25/273 
18.3/300 
9.9/300 
25/222 
1.9/300 
25/253 
25/99 


Tube  Deposit 


2  2  2  2 

2  111 
2  0  0  0 
1111 
111  1 
1111 
5  2  11 
5  2  11 
5  2  11 
111 

1  I  1 
.  1  i  1 
.211 

■2  1  1 

2  2  1 

1  1  l._ 
1  1  1 

2  2  2 
2  2  2 
2  1  1 
1  1  1 
1  1  1 
2  2  1 
1  1  1 
1  1  1 
2  11 
1  1  1 

1  l  l  ] 
111] 
111] 

2  2  2  2 
12  11 
1111 
7  111 
1111 


1  1  1  i  i  *  •  - 

112  3  3  3  3  2 
111112  2  1 
11111111 
11111111 
2  1111111 
1  1  1  .1  3  4  4  4 
11111111 
1  1  1  1  2  2  2  1 
1  1  2  3  6  5  5  4 


Figure  17-3 
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PWA 

Sample 

Number 

1564 


1565 


1566 


S„Ut1^^RY  OF  tests  TO  DETERMINE  THRESHOLD  FAILURE 
pkMFEF^TURE  OF  TEST  FUELS  IN  CRC  RESEARCH  FUEL~ 
COKER  AT  CONTROLLED  FUEL  OXYGEN  CONDITIONS  WITH 
175  "F  RESERVOIR  FUEL  TEMPERATURE 


Reservoir 

P/F 

Pressure 

Test 

T  emp . 

Filter 

PSIA 

No. 

“F 

AP/ Minute 

ATM 

2267 

■350/450 

12.5/300 

2279 

.373/475 

25/236 

2276 

400/500 

25/123 

1.0 

2269 

375/475 

21/300 

2270 

400/500 

6.5/300 

2271 

425/526 

2,4/300 

2272 

■  4S0/5SC 

25/250 

1.5 

2292 

325/425 

2. 0/300 

2280 

350/450 

25/295 

2275 

375/475 

25/224 

2274 

400/500 

25/300 

-4Z575Z5 

25/288 

ATM 

2289 

-325/425 

0.45/300 

2302 

250/450 

0.9/300 

2346 

375/475 

25/178 

1 . 0 

2290 

350/450 

0.-35/300 

2294 

375/475 

0.2/300 

2295 

400/500 

0.2/300 

2296 

425/525 

0/300 

2297 

450/550 

0.2/300 

1 1 5 

2299 

325/425 

0.2/300 

2298 

350/450 

0.2/300 

2352 

375/475 

15.4/300 

2347 

475/575 

0,  8/300 

AIM 

2255 

350/450 

2,0/300 

2256 

375/475 

25/230 

2257 

400/500 

25/140 

A  l  V 

2258 

400/500 

/300 

2260 

425/525 

e. 0/300 

2263 

450/550 

14.1/300 

2264 

475/575 

6,1/300 

1 . 5 

2353 

375/475 

1.25/300 

2372 

400/500 

9.6/300 

2266 

425/525 

25/217 

2265 

450/530 

20/300 

Tube  Deposit 
g°ld _ Hot 

222  2221)11111 
1112222211111 
1111111111444 
1111111  2  22222 
1111111122222 
1  1  1  1  1  1  1  2  2  2  2  2  2 
0222222344444 
1111111111111 
1111111222222 
1  1  1  1  1  1  1  1  1  2  3  3  3 

1  1  1  1  1  1  1  1  2  2  3  3  3 

1  1  1  1  1  2  2  2  3  3  3  3  2 

1  1  1  1  1  1  1  1  1  1  1  1  1 

1111111111111 
1111111116666 
1111111111111 
0  1  1  1  1  1  1  1  1  2  2  2  2 
0  111111222222 
01  12222222222 
1  1  1  1  1  1  1  3  3  2  2.’  1 

1  1  1  1  1  1  1  1  2  2  1  1  1 

2222222223333 
1  1  1  1  1  1  1  1  2  3  3  3  3 
1111115551111 

I  1  1  1  1  1  1  1  1  1  11  i 

1  1  1  1  1  1  1  1  1  2  2  2  2 

1111111222333 
0011111112221 
1111111112222 

II  11122222221 
1111112223321 
1111111122222 
0111111112222 
0011111222222 
11  1  1  123333222 


FigUl’ra  11-4 
(sheet  1  o£  4) 
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PWA 

Sample 

Number 

1567 


1568 


1569 


SUMMARY  OF  TESTS  TO  DETERMINE  THRESHOLD  FAILURE 
TEMPERATURE  OF  TEST  FUELS  IN  CRC  RESEARCH  FUEL 
COKER  AT  CONTROLLED  FUEL  OXYGEN  CONDITIONS  WITH 
175  *F  RESERVOIR  FUEL  TEMPERATURE 
(Continued) 


Reservoir 

Pressure 

Test 

P/F 

T  enep. 

Filter 

PSIA 

No. 

’F 

AP/Minutes 

7.7/300 

ATM 

2318 

350/450 

2317 

375/475 

18/300 

1.0 

2316 

400/500 

25/215 

2319 

350/450 

4.7/300 

2320 

375/475 

4.8/300 

2321 

400/500 

8.7/300 

2322 

425/525 

0.4/300 

2323 

450/550 

2.9/300 

2324 

475/575 

3.0/300 

1.5 

23  23 

500/600 

1.7/300 

2345 

325/425 

18.3/300 

2343 

350/450 

25/276 

2336 

400/500 

25/226 

2326 

450/550 

25/176 

2330 

500/600 

25/163 

ATM 

2333 

550/650 

25/160 

2408 

325/425 

4.4/300 

2384 

350/450 

18.6/300 

1.0 

2385 

375/475 

25/182 

2386 

350/450 

2.8/300 

2387 

375/475 

11.9/300 

2388 

400/500 

3.6/300 

2389 

425/525 

7.2/300 

2390 

450/550 

C  1 

*  A  f  JVU 

2391 

475/575 

2.0/300 

1.5 

2392 

500/600 

1.6/300 

2399 

450/550 

6,4/300 

atm 

2400 

475/575 

5,1/300 

2432 

375/475 

12.6/300 

1.0 

2433 

400/500 

25/198 

2440 

375/475 

14.8/300 

2446 

400/500 

1.8/300 

2439 

425/525 

25/290 

1.5 

2434 

450/550 

10.8/300 

2452 

350/450 

25/225 

2474 

350/450 

25/114 

2441 

375/475 

8.3/300 

2445 

375/475 

4. 8/300 

Tube  Deposit 
Cold _  Hot 

1  2  1  1  1  1  1  ]  l  i  1  2  1 
1221  111  122233 

1122111)133  33 
1  1  1  1  1  1  1  1  1  2  2,  2  2 
1  1  1  1  1  1  1  1  1  1  1  1  1 
111111222222 


1 

1 

1 

1 

1 

1 

1 

2  2  2  2  2  2 

1 

1 

I 

1 

1 

1 

1 

1  2  2  .1  11 

1 

1 

1 

'  1 

1 

1 

1 

122222 

1 

1 

1 

1 

1 

1 

1 

122222 

1 

1 

1 

1 

1 

i 

l 

111111 

1 

1 

1 

1 

1 

l 

1 

1  1  1  1  1  1 

0 

1 

1 

1 

1 

l 

1 

222221 

1 

1 

1 

1 

1 

i 

1 

222222 

1 

1 

1 

1 

1 

l 

1 

2  2  2  2  1  1 

1 

1 

1 

1 

1 

2 

2 

3  3  3  2  2  1 

0 

1 

1 

1 

1 

1 

1 

111111 

1 

1 

2 

2 

2 

2 

2 

222222 

1 

2 

2 

2 

2 

2 

2 

2  2  2  2  3  3 

1 

1 

1 

1 

1 

1 

1 

122222 

1 

1 

1 

1 

1 

1 

1 

222222 

1 

1 

1 

1 

1 

1 

1 

1  2  2  2  2  2 

1 

1 

1 

1 

1 

1 

1 

122222 

1 

1 

i 

i 

1 

1 

2 

2  2  2  2  2  2 

1 

1 

1 

2 

1 

1 

2 

2  2  2  2  2  2 

1 

1 

1 

1 

1 

2 

2 

222232 

1 

1 

1 

1 

1 

1 

1 

222222 

0 

1 

1 

1 

1 

1 

1 

2  2  2  3  3  3 

1 

1 

1 

1 

1 

1 

1 

1  1  2  2  2  2 

1 

1 

1 

1 

1 

2 

2 

223553 

1 

1 

i 

1 

1 

1 

1 

222221 

1 

1 

1 

1 

1 

1 

1 

1  1  1  2  2  1 

1 

1 

1 

1 

1 

1 

3 

4  4  4  4  3  2 

1 

1 

1 

1 

2 

2 

3 

4  4  4  3  2  2 

1 

1 

1 

1 

I 

2 

2 

2  3  3  3  3  3 

1 

2 

2 

2 

2 

2 

2 

2  3  3  3  3  3 

1 

1 

1 

1 

J 

1 

1 

1  2  2  5  5  4 

1 

1 

1 

1 

1 

1 

1 

1  1  2  3  3  2 

Figure  Ji-4 
(Bhcot  2  of  4) 
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SUMMARY  OF  TESTS  TO  DETERMINE  THRESHOLD  FAILURE 
TEMPERATURE  OF  TEST  FUELS  IN  CRC  RESEARCH  FUEL 
COKER  AT  CONTROLLED  FUEL  OXYGEN  CONDITIONS  WITH 
3 75 “F  RESERVOIR  FUEL  TEMPERATURE 
( Continued) 


PWA 

Reservoir 

P/F 

Sample 

Pressure 

Test 

T  emp. 

Filter 

Tube  Deposit 

J  v 

Number 

PSIA 

No, 

_ °F 

AP/ Minutes 

Cold  Hot 

i 

i 

1573 

ATM 

2410 

300/400 

1.7/300 

2222222222222 

J  _ 

2361 

325/425 

14.3/300 

1222221111122 

2348 

350/450 

25/257 

2222222111111 

\ 

2355 

375/475 

25/102 

2222222222256 

{  : 

1.0 

2366 

325/425 

7.4/300 

1  1  1  1  1  X  1  1  1  1  1  1  1 

2349 

350/450 

25/243 

1111  3  12222222 

< 

i 

2356 

375/475 

25/175 

1111111122222 

2362 

400/500 

3.7/300 

111111111112  2 

2363 

425/525 

2.8/300 

11112  2  2211122 

2365 

450/550 

19.2/300 

1111111122222 

{ 

2367 

475/575 

15.5/300 

1111111222222 

i . 

1.5 

2376 

325/425 

6.0/300 

1111112222221 

i 

2374 

350/450 

25/216 

1111111112222 

2373 

375/475 

25/114 

1111111136336 

1 

1595 

ATM 

2484 

350/450 

3.4/300 

22222222  2,  2222 

|f 

2525 

375/475 

4.4/300 

2222222222222 

2485 

400/500 

25/230 

1111111112454 

r 

\ 

1.0 

2488 

400/500 

1.1/300 

1111111111111 

2489 

425/525 

0.3/300 

1111111111111 

\ 

t 

2190 

450/550 

0.6/300 

1111111111111 

2491 

500/600 

3.2/300 

1111122211111 

! 

I 

2492 

525/625 

4.9/300 

1111122222211 

2493 

550/650 

11.2/300 

1 111222222222 

i 

1.5 

2499 

350/450 

0.3/300 

1111111111111 

2487 

375/475 

14/300 

1111111111121 

1 

2406 

400/500 

25/290 

.1  222111122333 

J 

1  CQA 

ATM 

2516 

350/450 

6.  3/300 

0  1  3  1  1  1  I  1  1  1  1  1  1 

i  . 

2517 

375/475 

25/157 

1  111122222222 

2518 

400/500 

25/192 

0111111223333 

! 

} 

1.  0 

2519 

400/500 

1.  1/300 

I  1  1  1  1  1  1  1  1  1  1  1  1 

I 

2521 

425/525 

0,8/300 

0  0  1  1  1  1  1  1  i  1  1  1  1 

2522 

500/600 

t.  1/300 

1111111111111 

1.  5 

2527 

400/500 

23.  6/300 

1111111222222 

2528 

450/550 

23,7/300 

0111111222222 

s 

2523 

500/600 

1.7/300 

1111122222222 

Figure  11-4 
(sheet  3  of  4) 
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'»»s»™^sssr™ 

(Continued) 


PV/a  Reservoir 

Sample  Pressure  Teat 

Number  PSIA  No> 


W  F 
T  smp, 
*.F 


Filter 

AjP/Miuutes 


Tube  Deposit 


2453 

2435 

2436 

2442 
2447 

2443 

2444 
.2460 

2479 

2473 

246S 

2464 

2*59 

2455 

2494 

2497 

2498 

2503 

2509 

2510 
2508 

2500 

2501 

2502 

2504 

2511 


350/450 
375/475 
400/500 
425/52.5 
450/550 
425/525 
450/550 
500/600 
■  325/425 
350/450 
375  /475 
400/500 
425/525 
450/550 
350/450 
375/475 
400/500 
400/500 
450/550 
475/575 
500/600 
400/500 
425/525 
450/550 
475/575 
500/600 


7.9/300 
25/219 
25/143 
25/70 
25/110 
6.2/300 
8.3/300 
3.6/300 
4.6/300 
21/300 
25/146 
7.5/300 
25/211 
25/142 
0. 15/300 
25/154 
25/68 
0.95/300 
9.7/300 
3.3/300 

J  <?  a/qrtrt 

- '  •  4  f  «?  VV 

8.2/300 

15.7/300 

23/300 

25/271 

20/300 


1  1  1  1  1  I  1  1  1  1  1  1  , 
lllllllllljji 
122222221111! 
11 1 1 1 12234443 
1*11131123554 
*111111222222 
lllllllllllll 
0111111122222 
1  1  1  1  I  1  I  1  l  1  1  1  i 
1  1  1  1  1  1  1  1  1  1  1  1  1 
1222122222222 
1113331133322 
III2222333333 

1131 111222222 

1  1  1  i  1  1  1  1  1  1  1  1  j 
1122111122222 
1111111122333 

1  l  1  1  1  1  1  1  1  1  1  X  1 
1111122222221 
1111122222222 
*1*1222233332 
1  1  11222222222 
*111111112222 
1111111122222 
1111111122222 
0  1  1  1111122222 


Figure  11-4 
(shoot  4  of  4) 
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fuel  °xygen  content  during  research  coker  tests 

WITH  J .  0  PSIA  RESERVOIR  PRESSURE 


Test  Heat  On  Start 

Humber  -0.5  Hr.  n  Hr, 


2258 

2260 

2263 

2264 

2269 

2270 

2271 

2272 
2290 

2294 

2295 

2296 

2297 

2319 

2320 

2321 

2322 

2323 

2324 

2325 
2349 
2356 

2362 

2363 

2365 

2366 

2367 
2386 
238V 

2388 

2389 

2390 

2391 

2392 
2434 

2439 

2440 

2443 

2444 
2446 
2460 


0.  70 
0.89 

0.6C 

0.99 

0.64 

0,93 

0.80 

0.36 
0.55 
0.49 
0.41 
0.85 
0.77 
0.62 
0.58 
0.57 
0.16 
0.64 
0.92 
0.69 
0.68 
0.57 
0.69 
0.80 
0.69 
0.80 
0.  85 
0.  78 
0,69 
2.46 
0.82 
0.92 

0.64 

0.  88 
1.43 
1,12 


0.27 

0.25 

0.  04 
0.  18 
0.32 
0.35 
0.53 
0.36 
0,  17 
0.  14 
0.  26 
0.29 
0.  38 
0.  47 
0.38 
0.30 
0. 33 
0.20 
0.11 
0.53 
0.48 
0.48 
0.39 
0.37 
0,42 
0.51 
0.35 
0.  36 
0.47 
0.47 
0.  38 
0.74 
0.32 
0.  34 
0.54 
0.40 
0.42 
0.42 
0.55 
0,37 
0.46 


Fuel  Oxygen  Content,  %  Vol. 


,0.5  Hr.  1  Hr. 


0. 18 

0.11 

0.  09 

0.04 

0.02 

0,01 

0.  06 

0.05 

0.  16 

0.00 

•0.  18 

0.  09 

0.  19 

0.11 

0.26 

0.  13 

0.  09 

0.05 

0.28 

0.06 

0.14 

0.  14 

0.32 

0.23 

0.29 

0.  19 

0. 15 

0.09 

0.  19 

0.11 

0.06 

0.04 

0.07 

0.04 

0.43 

0.41 

0.23 

0.18 

0.41 

0.  18 

0.25 

0. 15 

0.19 

0.09 

0.26 

0.15 

0.33 

0.21 

0.21 

0.12 

0. 13 

0.09 

0.34 

0.25 

0.36 

0,22 

0.21 

0.  29 

0.  18 

0.09 

0.17 

0.09 

0.20 

0.  13 

0.36 

0.27 

0.33 

0.24 

0,28 

0.22 

0.27 

0,20 

0.  17 

0,  18 

0.06 

0.04 

0.33 

0.26 

2  Hr. 

3  Hr 

0.07 

0.07 

0.02 

0.02 

0.01 

0.01 

0.04 

0.04 

0.04 

0.04 

0.04 

0.04 

0.07 

0.06 

0.03 

- 

0.03 

0.03 

0.03 

0,03 

0.14 

0.  14 

0,  13 

0.  10 

0.  13 

0.09 

0.04 

0.04 

0.05 

0.04 

0.03 

0.02 

0.03 

0.02 

0.36 

0.21 

0.11 

0.09 

0.09 

0.09 

0.08 

0.06 

0.02 

0,01 

0.  10 

0.07 

0.13 

0.09 

0.07 

0.05 

0.04 

0.04 

0.  13 

0,09 

0.  12 

0.11 

0.09 

0.05 

0.06 

0.04 

0.04 

0.03 

0.  08 

0.06 

0,22 

0.22 

0.18 

0.13 

0.1 4 

0.  10 

0.13 

0.  10 

0,  23 

0.  l'i 

0.03 

0.03 

0.  26 

0.11 

End 

4  Hr.  5  Hr. 


0.  0? 

0.07 

0.02 

0.01 

0.01 

0.01 

0.04 

0.04 

0.  04 

0.04 

0.04 

0.04 

0.05 

0.05 

0.C3 

0.03 

0.03 

0.03 

0.03 

0.  14 

0.  14 

0.09 

0.07 

0.07 

0.06 

0.04 

0.04 

0.04 

0.04 

0.01 

0.01 

0.02 

0.02 

0.  15 

0.  10 

0.08 

0.07 

0.  09 

0.07 

0.05 

0.05 

0.02 

0.00 

0.06 

0.06 

0.  07 

0.07 

0.  04 

0.04 

0.  >4 

0.04 

0  *  8 

0.07 

0.22 

0.11 

0.04 

0.04 

0.03 

0.02 

0.03 

0.02 

0.05 

0.05 

0.16 

0.11 

0,13 

0.18 

0.08 

0,  08 

0.08 

0.07 

0,09 

0.09 

0.03 

0.03 

0.11 

0.11 

Figure  11-5 
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FUEL  OXYGEN  CONTENT  LURING  RESEARCH  COKER  TESTS 
WITH  1.0  PSIA  RESERVOIR  PRESSURE  (CONT'D) 

Fuel  Oxygen  Content,  %  Vol,  _ 

Test  Heat  On  Start  End 

Number  -0.5  Hr.  0  Hr.  0.5  Hr.  1  Hr.  2  Hr.  3  Hr.  4  Hr.  S  Hr. 


2488 

1.06 

0,45 

0.  18 

0.  13 

0.  11 

0.  11 

0,  10 

0.  08 

2489 

- 

0.  17 

0.  05 

0  05 

0.  05 

0.  05 

0.05 

0.05 

2490 

0.62 

0.  30 

0.  06 

0.  35 

0.05 

0.  05 

0.05 

0.05 

2491 

1.  13 

0.  50 

0.  16 

0.  i! 

0.  10 

0.  10 

0.  10 

0.  10 

2492 

- 

0,40 

0.21 

0,  14 

0.08 

0.  07 

0.06 

0.06 

2493 

0.55 

0,  19 

0.08 

0.  06 

0.03 

0.  02 

0.01 

0.02 

2503 

0,  58 

0,24 

0.  07 

0.  06 

0.  05 

0.  05 

0.05 

0.04 

2508 

0.50 

0.  30 

0.06 

0.  05 

0.  05 

0.  05 

0.04 

0.  04 

2509 

- 

0.  18 

0.05 

0,  05 

0.  02 

0.02 

0.02 

0.  02 

2510 

- 

0.  15 

0.04 

0.02 

0.02 

0.  02 

0.02 

0.02 

2519 

0.85 

0.59 

0.  18 

0.  15 

0.  15 

0.  15 

0.  15 

0.  15 

2521 

0.61 

0.38 

0.  17 

0.08 

0.03 

0.06 

0.07 

0.  07 

2522 

0.59 

0.  32 

0.04 

0.04 

0.  03 

0.  03 

0,03 

0.03 

Figure  li-5  (Continued) 
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FUEL  OXYGEN  CONTENT  DURING  RESEARCH  COKER  TESTS 
WITH  1.5  PSIA  RESERVOIR  PRESSURE 

I 

! 


Fuel  Oxygen  Content,  %  Vol. 


Test 

Number 

Heat  On 
-0.5  Hr. 

Start 

0  Hr. 

0.5  Hr. 

1  Hr. 

2  Hr. 

3  Hr. 

4  Hr. 

End 

5  Hr* 

' 

t 

2265 

0.87 

0.47 

0.27 

0.27 

0.26 

0.23 

0.22 

0.23 

2266 

0.  73 

0.49 

0.38 

0.33 

0.29 

0.29 

0.29 

0.29 

2273 

1.00 

0.66 

0.51 

0.40 

0.26 

0.22 

0.22 

0.22 

2274 

1.08 

0.  68 

0.50 

0.39 

0.28 

0.26 

0.  26 

0.26 

1 

2275 

0.97 

0.66 

0.54 

0.49 

0.35 

0.31 

0.  30 

0.29 

2280 

0.97 

0.71 

0.57 

0,44 

0.40 

0.37 

0.35 

0.  33 

2292 

0.97 

0.64 

0.51 

0.40 

0.30 

0.26 

0.  20 

0.  18 

1 

4 

2298 

0.60 

0.51 

0.39 

0. 13 

0.09 

0.08 

0.08 

0.08 

|  : 

2'.99 

0.75 

0.55 

0.48 

0.37 

0.26 

0.20 

0.  18 

0.  17 

2326 

0.90 

0.62 

0.43 

0.34 

0.23 

0.20 

0.  19 

0.  18 

2330 

2.03 

0.  60 

0.47 

0.36 

0.25 

0.  19 

0.  17 

0.  13 

! 

2333 

0.98 

0.60 

0.47 

0.41 

0.27 

0.22 

0.  20 

0.  19 

l 

2336 

0.81 

0.55 

0.47 

0.42 

0.32 

0.28 

0.26 

0.23 

2343 

- 

0.53 

0.43 

0.36 

0.26 

0.22 

0.  19 

0.26 

2345 

0.68 

0.53 

0.35 

0.26 

0.17 

0. 13 

0.10 

0.  19 

f: 

2347 

0.61 

0,43 

0.17 

0.11 

0.07 

0.07 

0.07 

0.07 

I  : 

2352 

0.70 

0.42 

0.27 

0.20 

0.11 

0.08 

0.08 

0.08 

2353 

1.05 

0.64 

0.47 

0.36 

0.26 

0.22 

0.20 

0.20 

2372 

1.09 

0.71 

0.52 

0.42 

0.36 

0.31 

0.29 

0.29 

j 

2373 

- 

0.78 

0.53 

0.44 

0.38 

0.32 

0.30 

0,30 

2374 

0.91 

0.67 

0.55 

0.41 

0.30 

0.24 

0.20 

0.19 

2376 

1.26 

0.51 

0.37 

0.25 

0.  15 

0.12 

0.  14 

0.  14 

2399 

- 

0.51 

0.35 

0.27 

0. 18 

0.16 

0.  14 

0.  15 

! 

2400 

0.83 

0.48 

0.37 

0,29 

0.21 

0.21 

0.21 

0.21 

2441 

1.12 

0.92 

0.73 

0.72 

0.67 

0.50 

0.43 

0.38 

2445 

0.90 

0.67 

0.57 

0.56 

0.41 

0.31 

0.27 

0.26 

2452 

- 

1.61 

0.09 

0.06 

0.10 

0. 13 

0.21 

0.22 

i 

2455 

0.88 

0.57 

0.51 

0.47 

0.36 

0.29 

0.27 

0.22 

2459 

1.10 

0.70 

0.58 

0.47 

0.35 

0.30 

0,27 

0.27 

2464 

0.  84 

0.59 

0.53 

0.47 

0.35 

0.31 

0.25 

0.26 

i 

2468 

1.10 

0.86 

0.70 

0.62 

0.51 

0.42 

0.40 

0.33 

7,473 

i  q 

*  «  VQ 

0.66 

0, 56 

0.51 

0.42 

0.33 

0.31 

0.29 

2474 

1.23 

0.90 

0.83 

0.63 

0.42 

0.36 

0.36 

0.36 

2479 

0.86 

0.53 

0.47 

0.40 

0.30 

0.25 

0.22 

0.20 

t 

2486 

1,28 

0,76 

0.60 

0.  60 

0.  43 

0.40 

0.  40 

0,  35 

i 

2487 

0.90 

0.  53 

0.48 

0,  36 

0.  25 

0.21 

0.21 

0.  21 

2499 

1. 23 

0.  63 

0.34 

0.  25 

0.  24 

0.25 

0.24 

0.  24 

2500 

0.  50 

0,  34 

0.  28 

0.  23 

0.23 

0.  23 

0.  24 

s 

2501 

0,  83 

0.  54 

0.29 

0.  25 

0.  23 

0.  23 

0.  23 

0.  23 

j 

2502 

- 

0.  61 

0,  30 

0.  25 

0.21 

0.  20 

0.  19 

0.  19 

2504 

1. 02 

0,  60 

0,  35 

0.  33 

0.  31 

0.  30 

0.  25 

0,  24 

2511 

0.73 

0.  50 

0.29 

0,24 

0.  22 

0.  22 

0,  22 

0.  22 

i 

2523 

1.  39 

0.  55 

0.29 

0.  23 

0.  19 

0,  18 

0.  18 

0.  18 

i 

2527 

0,99 

0.  63 

0,  36 

0.  25 

0.  25 

0.24 

0,24 

0.  27 

* 

2528 

0,99 

0.  62 

0.  36 

0.  26 

0.  25 

0.  25 

0.  23 

0.  2Z 

Figure  11-6 
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SUMMARY  OF  THRESHOLD  FAILURE  TEMPERATURES 
FOR  TEST  FUELS  UNDER  AIR  SATURATION  AND  LOW 
FUEL  OXYGEN  CONTENT 


Fuel 

Threshold  Failure  Temperature,  ®F 

Std. 

Coker 

CRC  Research  Coker  (175F  Reservoir) 

Air 

Saturated 

1.0  PSIA 
(4  ppm  02) 

Gain 

1 . 5  PSIA 
(9  ppm  O2) 

Gain 

1564 

325 

325 

350 

25 

325 

0 

1565 

325 

350 

425 

75 

325 

-25 

1566 

350 

350 

425+ 

75  + 

400 

50 

1567 

325 

350 

500- 

150+ 

300 

-50 

1568 

325 

325 

500+ 

175  + 

450 

125 

1569 

(350) 

375 

400 

25 

(325) 

-50 

1573 

325 

300 

325 

25 

325 

25 

1595 

375 

375 

550 

175 

350 

-25 

1596 

350 

350 

500+ 

150+ 

(350) 

0 

1597 

300 

350 

500+ 

150+ 

325 

-25 

1598 

350 

350 

475 

125 

400 

50 

Note:  TFT  temperatures  shown  in  brackets  could  not  be  definitely 
established  and  are  approximate  only. 
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ITEM  12  -  LUBRICANTS 


OBJECTIVE 


The  goal  of  this  program  is  to  obtain  the  most 
favorable  compromise  between  engine  design 
parameters  and  lubricant  capability  to  satisfy  tne 
requirements  for  safe,  reliable  and  economical 
operation  of  a  supersonic  transport  engine. 


At  INTRODUCTION 

It  is  necessary  to  determine  the  rolling  contact  fatigue  life  gear  ma¬ 
terials  expected  to  be  used  in  supei’sonic  aircraft  engines  for  two  rea¬ 
sons:  (1)  metal  fatigue  is  a/critfcal_problem  in  extended-engine  operation, 
"and' 72")  lubricant  composition  and  temperature  levels  have  a  significant 
effect  on  the  rolling  contact  fatigue  life  of  steels, 

PWA  724  (Bower  315)  carburised  test  gears  Were  used  in  the  metal 
fatigue  tests.  The-te sting  of  PWA  724  gears  in  this  contract  period  is 
compared  with  AMS  6260  gears  reported  under  previous  contracts. 

Using  the  latest  fuel  delivery  temperature  information  supplied  by  the 
airframe  contractor,  the  environmental  conditions  to  be  imposed  on 
the  lubricant  were  analytically  determined.  No  significant  changes 
were  noted  in  this  review  relative  to  previous  studies, 

B,  LUBRICANT  ENVIRONMENT 

Since  the  temperature  of  the  fuel  delivered  to  the  engine  fuel  system  is 
the  predominant,  factor  governing  many  temperatures  throughout  the  oil 
system,  the  current  predicted  temperature  data  and  environmental  con¬ 
ditions  are  based  upon  the  temperature  of  the  fuel  delivered  from  the 
airframe.  Figure  12-1  indicates  that  the  fuel  temperature  will  rise 
sharply  to  a  peak  of  250 °F.  This  curve  is  identical  to  one  presented 
in  the  Phase  IIA  report.  Any  increase  in  the  fuel  temperatures  relative 
to  those  shown  in  Figure  12-1  will  change  the  expected  lubricant  system 
temperature  pattern;  large  temperature  increases  could  conceivably 
require  a  lubricant  with  properties  superior  to  those  evaluated  in  this 
contract  period.  Supplemental  cooling,  utilising  unscheduled  fuel  flow 
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returned  to  the  fuel  tanks,  is  necessary  to  prevent  excessive  tempera¬ 
ture  levels  in  the  lubrication  system  during  descent  from  the  flight 
cruise  condition.  Thus,  the  environmental  conditions  must  be  con¬ 
sidered  as  estimates. 

During  the  contract  period,  additional  studies  were  conducted  of  the 
lubricant  environment.  These  environmental  conditions  are  outlined 
below: 

1.  TEMPERATURE 

Based  on  the  lubricant  temperatures  shown  in  Figure  12-1,  bearing 
temperatures  are  expected  to  re  \ch  a  maximum  steady-state  level  of 
400 °F  at  the  end  of  the  cruise,  and  may  possibly  approach  500 °F  during 
the  descent  portion  of  the  flight.  Local  compartment  wall  hot  spots 
are  not  expected  to  exceed  600  °F. 

2.  OIL  TANK  CAPACITY 

6  gallons  nominal  oil  -  - 

4  gallons  usable  oil 

3.  .AIR  CONTACTING  OIL 

Flow  -  0.06  lbs/sec. /seal;  0.4  lb. /sec.  / seal  with  seal  failure 
Temperature  -  830°F  max.  at  Mach  3,0 

4.  BEARINGS 
a.  Materials 

Races,  rollers,  balls  -  PWA  724  CVM  or  AMS  6490 
Cages  -  AMS  64x5,  silver-plated  per  AMS  2410 

d.  Types 

Angular  Contact-Split  Inner  Race,  Single  Bearing,  ABEC  #7 
Tolerances;  170  x  260  .x  42  mm  at  6100  rpm  and  200  x  300  x  51 
mm  at  8250  rpm 

Roller  -  Preloaded,  200  x  300  x  38  mm  at  8250  rpm 
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5.  ALLOYS  IN  LUBRICATING  SYSTEM 

Tank  -  AMS  5510,  5645 

Oil  Fi’+or  -  AMS  5362,  5640 

Fuel-Oil  Cooler  -  AMS  5362,  5571,  5646 

Scavenge  Pumps  -  AMS  5362,  5640,  PWA  724 

Piping  -  AMS  5570,  5571,  5646,  6005 

Bearing  Compartments  -  AMS  5062,  5613,  5616,  5688,  6322, 
6323,  7310,  PWA  724 

6.  GEARS 

Hertz  Stress  ~  92,000  psi  starting,  71,000  p3i  steady-state 
Material  -  PWA  724  heat  treated 

7.  ELASTOMERS 

None  in  lubricating  system 

8.  LUBRICANT  VISCOSITY 

Lubricating  system  imposes  no  restrictions  on  oil  viscosity. 

9.  LUBRICANT  VOLATILITY 

Volatility  requirements  of  the  lubricating  system  are  compatible 
with  the  volatility  characteristics  of  MIL-L-23699  lubricants. 


C.  GEAR  PITTING  TESTS 

Gear  pitting  fatigue  testa  were  initiated  in  the  previous  contract  period 
on  AMS  6260  test  gears  to  evaluate  the  influence  of  temperature  and 
load  on  the  gear  fatigue  life  as  affected  by  a  MIL-L-23699  lubricant 
(L-919). 

PWA  724  carburized  test  gears  replaced  the  AMS  6260  test  gears  used 
in  previous  contract  periods.  Steady-state  gear  pitting  fatigue  tests 
were  conducted  in  Ryder  Gear  Machines  at  lubricant  temperatures  of 
300  and  350°F  and  at  Hertz  stresses  up  to  250,000  psi  for  1250  hours. 
The  Hertz  stresses  were  kept  at  a  high  level  to  accumulate  a  maximum 
amount  of  data  in  the  shortest  possible  time  interval.  Test  oil  flow  rate 
and  rate  of  stress  application  were  maintained  at  constant  levels.  The 
gear  pitting  fatigue  data  me  shown  in  Figures  12-2  and  12-3. 
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The  Ryder  Gear  Machine  and  the  Erdco  Universal  Drive  Test  Stands 
as  described  in  Federal  Test  Method  Standard  No.  791a  Method  6508 
and  ASTM  D-1947,  were  used  in  the  gear  pitting  fatigue  tests. 

In  addition  to  the  gear  pitting  fatigue  program,  two  oils  w>  .  e  subjected 
to  cursory  evaluations  during  this  contract  period  using  t’  e  test  pro¬ 
cedures  and  equipment  described  in  the  previous  SST  report,  submitted 
for  contract  AF33{657)- 1 1 189,  PWA-2353.  Included  in  these  lubricant 
evahiations  were  physical  property  determinations,  lubricant-carbon 
wear,  volatility  and  oxidation-corrosion  tests  and  Ryder  Gear  load¬ 
carrying  capacity  as  shown  in  Figures  12-4  through  12-7. 

D.  DISCUSSION 

The  supersonic  transport  powerplant  requires  a  lubricant  to  withstand 
the  oxidative  and  thermal  stresses  encountered  in  the  lubricant  system 
environment.  The  lubricant  must  demonstrate  the  following  character¬ 
istics  satisfactorily:  metal  rolling  contact  fatigue,  valatility,  carbon 
seal  wear  rates,  gear  load-carrying  ability,  and  corrosive  tendencies 
in  oxidizing  atmospheres.  During  previous  contract  periods,  these 
characteristics  were  evaluated  in  tests  covering  a  large  range  of 
operational  severities  utilizing  the  most  recent  lubrication  system 
environmental  parameters.  During  this  contract  period,  effort  was 
primarily  concentrated  upon  rolling  contact  fatigue. 

Due  to  the  nature  of  fatigue  testing,  the  data  presented  in  Figure  12-2 
ar.  bands  rather  than  lines.  Individual  test  results  obtained  during 
this  contract  period  are  tabulated  in  Figure  12-3,  Figure  12-4  lists 
the  ge*’"ral  properties  of  the  two  lubricants  tested  during  this  contract 
period.  Volatility  characteristics  of  these  two  lubricants  are  shown 
in  Figures  12-5  and  12-6.  Oxidation-corrosion  tendencies  of  lubricant 
L-1530  are  tabulated  in  Figure  12-7. 
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TEST  DATA  SUMMARY  FOR  LUBRICANT  L-919 
GEAR  PITTING  FATIGUE  LIFE  IN  RYDER  GEAR 
MACHINE  WITH  PWA  724  GEAR  MATERIAL 


Test  Test  Oil  Resultant  Time 

Sequence  In  Temp.  Gear  Load  to  Failure 


°F 

(pounds  per  inch 
of  tooth  width) 

(hours) 

1 

300 

3000 

120 

2 

350 

2500 

250 

3 

350 

3000 

-  70 

4 

300 

3300 

70 

5 

350 

3300 

40 

6 

300 

3000 

120 

7 

350 

3000 

20 

8 

350 

3300 

40 

9 

350 

3000 

70 

10 

350 

2750 

150 

1 1 

300 

3300 

40 

12 

350 

2750 

160 

13 

300 

3300 

100 

Figure  12-3 
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GENERAL  PROPERTIES  OF  LUBRICANTS  TESTED 


Designation 
Type  of  Lubricant 
Kinematic  Viscosity; 

at  100°F,  centistokes 
at  210°F,  centistol  es 
Pour  Point,  eF 
Flash  Point,  °F 
Fire  Point,  °F 
Ryder  Gear  Test: 

Gear  Scuffing  Load,  lb, /in. 
Lubricant-Carbon  Wear  Test: 
Axial  Wear  Rate,  in. /min. 

Evaporation  Rate  at  400  "F 

At  Sea  Level,  %  Loss  in  Wgt. 


L  -  1530 

L  -  1537 

Ether 

Polyester 

24.  34 

45.50 

4. 07 

8.08 

-25 

Below  -65 

465 

500 

540 

530 

3160 

---- 

0.2  x  10"5 

1.4  x  10~5 

9.  7 

3.5 

Figure  12-4 
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EFFECT  OF  TEMPERATURE  AND  PRESSURE 
ON  EVAPORATION  LOSS  OF  L-  3  530  LUBRICANT 


Duration  of  Test  -  6  1/2  hours 
Evaporation  Loss  in  Percent  of  Weight 


Temp.  °F  Pressure  Altitude,  Feet 


400 

Sea  Level 

9.7 

20, 000 

14  3 

40, 000 

425 

17.4 

19.4 

— 

450 

30.0 

40.0 

— 

475 

37.2 

47.  6 

— 

500 

50.  1 

— 

61 

Figure  12-5 


EFFECT  OF  TEMPERATURE  AND  PRESSURE 
ON  EVAPORATION  LOSS  OF  L-1537  LUBRICANT 


Duration  of  Test  -  6  ]/2  hours 
Evaporation  Loss  in  Percent  of  Weight 


Temp. ,  °F 

Pressure  Altitude, Feet 

Sea  Level 

20, 000 

40,000 

60,000 

400 

3.5 

8.3 

11.9 

13.5 

425 

8.6 

13.  1 

18.9 

20.9 

450 

12.4 

20.0 

27.0 

„  •  M 
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L. U3R IC ANT  L- 15  30  OXIDATION- CORROSION  DATA 
AT  CONSTANT  AIRFLOW 

Airflow  =  5  standard  liters/hour  Test  Time  =  48  hours 


Lubricant  Designation 

L  -  1530 

(averages) 

Test  Temperature ,  °F 

425 

450 

500 

Weight  Loss,  Mg/Crn 

for  Silver 

-0.70 

-0. 79 

-1.55 

Copper 

-4.00 

-5.60 

-13.57 

Steel 

+0.20 

+0.27 

+0. 3C 

T  itanium 

+0.10 

+0.  18 

+0 . 09 

Aluminum 

+0.20 

+0.22 

+0.23 

Magnesium 

+0.40 

+0 . 66 

+  0.54 

%  Viscosity  Increase 

at  1 00 °F  after  12  hours 

1 . 64 

2.48 

24  hours 

1.44 

3.32 

36  hours 

2.  10 

4.94 

48  hours 

1. 85 

4.  14 

Neutralization  Number 

after  0  hours 

r\  » 

\J  •  l 

0.0 

1 2  hours 

0.  1 

0.0 

24  hours 

0.0 

0.0 

36  hours 

0.0 

0.0 

48  hours 

0.  0 

0.0 

Figure  12-7 
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ITEM  13  -  ENGINE-INLET  COMPATIBILITY 


The  contractor  will  conduct  continued  mvoa liga¬ 
tion  in  cooperation  with  each  airframe  contractor 
to  establish  ftngiiie-inlet  compatibility.  The 
steady  state  performance  and  flow  distribution 
over  both  the  typical  engine  flight  conditions 
and  the  transient  inlet  conditions  will  be  con¬ 
sidered, 


A.  INTRODUCTION 

With  the  exception  of  very  limited  preliminary  data  from  Lockheed, 
no  additional  Inlet  distortion  data  were  received  from  the  nirframo 
companies  during  Pliatjo  IIB.  The  existing  data  received  during 
Phase  IIA  were  furthor  analyzed  and  converted  into  working  curves 
for  determining  thu  affect  of  the  inlet  on  the  compressor  and  engine 
control  Byatom. 

3,  DISCUSSION 

Tho  Booing  inlot  design  has  remained  biiiulc&lly  unchanged  from  the 
initial  design  considered  in  Phase  IIA.  Minor  modifications  in  tho 
Bubntjnir;  diffuser  length  and  shape  and  the  incorporation  of  vertex 
gcnoratorH ,  immediately  downstream  of  ilia  throat  region  on  the 
centorbody,  have  boon  mudo  to  reduce  tho  die  lor  lion  level  at  Die 
cornprasoor  face. 

Typical  dir. tortion  maps  at  Mach  1,  1  and  2.  9,  generated  from  Boeing 
test  data  in  Phase  IIA,  are  presented  in  Figure  13-1.  Those  plots 
graphically  ropresont  tho  total  pressure  distribution  at  the  compressor 
face  station.  Tin-  distortion  maps  wore  constructed  for  all  data 
received  to  date;  they  serve  ns  n  guide  for  studying  the  effect  of  rlto» 
tortion  on  compressor  performance.  It  should  be  emphasized  that 
this  data  are  preliminary  information  from  Phase  IIA  and  do  not 
uaceu  sarily  represent.  Boeing's  latest  results, 

The  distortion  at  Mach  1,1,  0°  angle  of  attack,  and  with  the  bypass 
half  open  is  shown  vn  Figure  13-1  (a).  The  highest  distortion  level 
nl  Mach  1,  1  occurred  when  the  bypass  was  half  opened,  '1  he  weight 
flow  /'Hilo  for  tho  above  conditions  was  determined  near  the  choke 
point,  whore  the  onplne  will  probably  operate  Figure  13-1  ( h) 
repr ec.ents  the  Inlet  operating  til  Much  L,  *5 ,  0 “  angle  of  attack,  and 
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peak  pressure  recovery  without  vortex  generators  on  the  center  body. 
Due  to  the  control  tolerance  required  ior  safe  operation  of  the  complete 
powerplant  system,  the  inlet  probably  cannot  be  operated  at  the  above 
point  in  actual  practice.  The  distortion  pattern  indicated  in  Figure 
13-1  (b)  Is  almost  fully  radlali  it  is  a  baseline  reference  representing 
the  minimum  distortion  for  the  configuration.  As  the  inlet  is  operated 
in  the  supercritical  condition  to  provide  the  control  tolerance,  tho 
distortion  Increases  and  a  slight  amount  of  circumferential  distortion 
is  introduced.  Figure  13-1  (c)  is  a  typical  plot  of  (his  condition  at  the 
3  9%  supercritical  point.  A  distortion  map  for  the  inlet  at  tho  super¬ 
critical  condition  with  voitex  generators  installed  on  the  con  ter  body 
is  shown  in  Figure  13-1  (d).  Tho  overall  distortion  iovel  was  lowered 
approximately  1.  5  percent;  the  radial  distortion  shifted,  leaving  the 
center  of  the  passupi  with  lens  distortion, 

Croflfl  plots  of  Figures  13-1  ( n )  and  13-1  (c)  are  shown  ns  radial 
profiles  in  Figure  13-2.  The  rndiaJ  distortion  at  Mach  2.5  in  more 
severe  than  at  Mach  1,1,  Tho  radial  pressure  profiles  shown  In 
1  igure  13-2  do  not  reflect  the  use  of  healing  devices  such  as  vortex 
generators.  The  distortion  at  Mach  2.5  would  bo  marginal  without 
Ihoeo  device* , 

Plots  of  distortion  voisus  the  percent  supercritical  operation  at 
Mach  2.5  and  the  bypass  door  opening  are  shown  In  Figure  13-3, 

This  Information  was  given  to  the  control  group  for  imo  in  the  inlet 
engine  control  response  to  airflow  transients  study,  This  work  is 
reported  In  the  Inlet  control  section  of  this  report. 

C.  CONCLUSIONS 

Essentially  no  new  distortion  data  have  boon  received  during  Phase  1IB 
from  either  Booing  or  Lockheed,  Additional  evaluations  of  the  axlst- 
ing  data  have  not  revealed  any  additional  problems  which  supersede 
those  previously  mentioned.  However,  every  effort  iu  being  made  to 
continuously  Improve  the  inlo  distortion  and  engine  tolerance  lu  Insure 
u  compatible  system. 


M«l  He.  1  i  -  f. 

UOMSMDBNTtAL 


m  *  tfcS  iSMMi* 


PFtATT 


' 


WHITNEY  AIRCRAFT 


C&NPIOBNVIAL 


PWA  -2600 


A 

MACHU  AU>HA«0«  PRESSURE  RECOVER V 0^79 
BY-PASS  1/2  OPEN 


DISTORTION*  0.089 


Pr  LOCAL /PTAVG 
O  0,93 
O  5.90 
a  0.90 
D  1.03 

SUPERCRITICAL 


DISTORTION*  0,099 

P  R»  q  u|40 


T LOCAL /PT  AV@ 
0  0,94  cnOi 
0  0, 90  <3 1  04 
□  1,00  D  I, OS 


^H,2.3  SUPERCRITICAL  39% 
PRESSURE  RECOVERY  0,8790 


DISTORTION*  0,138  PT  LOCAL/PT  AVG 

<>j>.»4  <1.04 

o  0.98  « i.oe 

□  1,00 
O  1,02 


p 

MACH  2.9  * 


SUPERCRITICAL 


DISTORTION*  0.123? 
P  R  *  0.0 W  9 


PT  L0CAL/P7AV3 
O  0  94  <|Q4 

0  0  98  D  |,06 

trvoo  oi.os 


TYPrCAl.  HOEING  SST  INLET  MODEL  DISTOR  i’IGN  PLOTS 


I'Tgur«  M  -  | 


i 


| 

j 


OONPIOBNTtAL 


LOCAL  TOTAL  PRESSURE 
AVG  TOTAL  PRESSURE 


PRATT  £  WHITN’EV  AlRCTVAFT 


CONPIDSNT9AL. 


FWA-2600 


MACH  1.1  PRESSURE  RECOVERY  0.979  MACH  2.6  PRESSURE 
ALPHA  a  0°  DISTORTION  s  ,089  *  RECOVERY  0.876 


RADIUS /MAXIMUM  RADIUS 


RADIAL  TOTAL  PRESSURE  PROFILES  FOR  I30EI NG  SST  INLET 


I  I  (4(1 1  n  I  i  7. 

OUNPIUBNTIAL 


F  RATT 


CONFIDENTIAL 

WHITNEY  AIRCRAFT 


PW A  -  2600 


0.2s 


H 

% 

\j  — 


0.20 


iJ 

h  A 

cl” 


lS*_j 


0.15 


o.ior 


MACH  2 
BY-PAS 

.5 

3  CLOSED 

T& 

f 

J y/'t 

. 

0.8 


0.2  0.4  0,6  u.a 

PER  CENT  SUPERCRITICAL 

PT2»/l"  TOcmiT  "  PT?/PT0  SUPERCRITICAL 


.0 


1.2 


DISTORTION  VERSUS  PERCENT  BYPASS  DOOR.  OPENING  AND 


PERCENT  SUPERCRITICAL  OPERATION  FOR  THE 


BOEING  SST  INLET 


Figure  1  3  -  \ 


■luiUiii  (»•*»  ■#  •'.**+ 


OONPIDBNTIAt. 


ITEM  14 


MATERIALS  AND  MANUFACTURING  TECHNIQUES 


CONPIDBNT9AL 


1 


PRATT 


WHITNP.V  aiRCHAPT 


PWA-2600 


ITEM  54  -  MATERIALS  AND  MANUFACTURING  TECHNIQUES 

OBJECTIVE 

The  goal  of  this  program  was  to  develop  infor¬ 
mation  concerning  materials  to  aid  the  selection 
of  optimum  materials  and  manufacturing  techni¬ 
ques  suitable  for  tha  SST  engine, 

A.  INTRODUCTION 

Tour  development  programs  aimed  at  advancing  the  state  of  the  art  of 
compressor  materials  and  manufacturing  techniques  wore  conducted 
during  Phase  IIB  in  support  of  the  engine  design  effort.  Because 
titanium  will  be  used  extensively  in  the  rotating  parts  of  the  compres¬ 
sor,  testing  to  determine  the  long  term  creep  properties  of  titanium 
alloys  were  continued  under  this  contract.  The  long  time  creep  prop¬ 
erties  of  IMI  679  titanium  base  alloy  were  determined  at  several  stress 
and  temperature  levels  for  comparison  with  alloys  evaluated  in  previous 
SST  programs.  In  a  second  program,  metallog raphic  and  physical 
properties  tests  were  conducted  on  Waspaloy  in  order  to  obtain  additional 
design  information  on  this  material.  The  blade  containment  program 
was  continued  from  Phase  ILA,  Finally,  diffusion  bonding  Btudius  of 
titanium  we  re' undertaken  with  the  object  of  determining  ways  of  pro¬ 
ducing  lightweight  hoiiow  titanium  disks.  Those  programs  are  dis¬ 
cussed  In  the  four  sections  which  follow, 

B.  CREEP  TESTING  OF  IMI  679  TITANIUM  ALLOY 

The  croop  properties  of  IMI  679  titanium  base  alloy  were  determined 
up  to  0,  1%  creep  for  comparison  with  other  compressor  disk  alloys 
tested  in  previous  phases. 

Twenty -two  mechanical  creep  specimens  were  machined  from  IMI  679 
disks  forged  by  Wyman-Gordon  and  Ladiuh-  Each  test  section  was 
machined  from  rim  sections  of  IMI  679  to  dimensions  of  D,  250  inch 
diameter  and  two  inch  gage  length.  Facn  tost  specimen  was  allowed 
to  creep  0.  1%  and  was  subsequently  subjected  to  room  temperature 
tensile  stability  lost, 

TMCA  proclucud  the  master  boat  used  by  both  Wyman  -  Gordon  and 
Ludish  to  forge  the  typical  IMI  679  (Itanium  engine  compressor  disks. 

The  purceiituge  of  chemical  constituents  of  tho  titanium-based  alloy 
was  an  follows; 
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Hi-k 

c; 

IV 

1 

Mo 

Sri 

O  11 

N 

y  r 

Si 

Ti 

“ ““ 

" 

—  — 

— 

W  -G 

0.  01 

0.  10 

l .  A  0 

0.  9  3 

1  0.  8  1 

0.  098  fi. 

Ml*  (».0|S 

5.  60 

0.  2  J 

l><*  Jane 

Lt*c!i**h 

0.  02 

0.  10 

2.30 

0.  9  l 

10.  M) 

0.097  ii.  . 

"I***  0.015 

5.61) 

0,  10 

Oul.t  nc 

The  Wyman-Gordon  forging  was  air  cooled  from  the  solution  anneal 
temperature  of  1650°F;  the  Ladish  disk  forging  was  water  quenched. 

Both  disks  were  stabilized  at  930 °F  and  air  cooled.  The  hardness  of 
the  water -quenched  disk  and  the  air-cooled  disk  was  35  and  38  Rock¬ 
well  C  respectively. 

Photograph  14-1  exhibits  the  grain  structures  of  both  disks  using 
Krolls  etching  reagent  and  500  times  magnification.  Radial  rim 
sections  of  the  disk  forgings  were  used  for  samples. 

Eighteen  mechanical  creep  specimen  were  fabricated  from  the  Wyman- 
Gordon  forgings  and  four  similar  specimens  were  made  from  the 
Ladiah  forgings.  These  test  samples  were  tested  at  various  load  and 
temperature  conditions  to  0.  10%  creep.  The  test  results  are  sum¬ 
marized  on  Figure  14-2, 

Figure  14-2  also  compares  the  creep  properties  of  IMI  679  with 
PWA  1202  and  PWA  1203.  The  creep  properties  of  IMI  679  were 
superior  to  both  PWA  1202  and  PWA  1203  at  750°F  and  850°F.  All 
three  materials  were  similar  at  950°F,  Limited  testing  at  1050*^ 
indicated  that  PWA  1203  was  superior  to  IMI  679  at  this  temperature. 

The  creep  data  from  the  Ladish  forgings  were  comparable  to  vendor 
supplied  data,  but  a  decrease  in  strength  was  noted  in  comparison  with 
the  Wyman-Gordcn  fergings. 

Stability  testing  of  IMI  679  indicated  a  slight  increase  in  ultimate  and 
yield  strength  with  a  corresponding  decreaee  in  percent  elongation  and 
area  reduction.  Since  IMI  679  is  aged  at  930°F,  the  instability  is 
attributed  to  aging  during  creep  testa, 

1.  MECHANICAL  PROPERTIES-IMI  679  TITANIUM  ALLOY 

Testing  was  conducted  to  evaluate  the  short  time  properties  of  IMI  679 
titanium  alloy  and  their  effects  on  the  component  design,  Test  specimens 
wove  fabricated  from  IMI  679  titanium  disk  forgings,  which  were  manu¬ 
factured  by  both  Wyman-Cordon  and  Ladisb.  The  mechanical  property 
tests  included  tensile  tests  at  room  and  elevated  temperatures,  stress 
rupture,  combined  stress ,  stress  corrosion,  fracture  toughness ,  and 
fatigue  strength  tests. 
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The  following  list  of  test  specimens  were  fabricated  from  the  same 
disk  forgings  used  in  the  creep  testing  of  Part  A: 


PROPERTY  TESTS 


WYMAN-GORDON 

SPECIMENS 


LADISH 

SPECIMENS 


T  ensile 

Stress  Rupture 
Combined  Stress 
Stress  Corrosion 
Fracture  Toughness 
Fatigue  Strength 


19 
7 
6 

57 

16 

20 


5 

0 

0 

12 

0 

9 


The  tensile  properties  of  both  the  Wyman-Gordon  and  Eadish  forged  IMI 
679  disks  are  shown  in  Figure  14-3.  A  comparison  is  made  between  IMI 
679  and  PWA  1202  and  1203  data  from  the  Phase  ILA  tests.  Above  room 
temperature,  IMI  679  exhibited  a  higher  ultimate  and  yield  strength.  The 
Ladish  forgings  had  better  tensile  strength  characteristics  than  the  Wyman 
Gordon  forgings. 


Stress-rupture  specimens,  tested  at  950°F  and  75,000  psi  loading, 
ruptured  in  321.6  hours,  Testing  at  750°F  and  850°F  at  approximately 
95  percent  of  the  0.2  percent  yield  strength  was  discontinued  after  400 
hours.  The  test  indicated  that  IMI  679  is  yield  strength  limited  for 
s'ress  to  rupture  in  100  hours. 


Stress-corrosion  testa  indicated  that  IMI  679  is  more  resistant  to  NaCl 
salt  corrosion  than  PWA  1202;  both  material  specimens  were  tested  for 
100  hours  of  exposure.  The  "crack-no  crack"  line  is  indicated  on  Figure 
14-4  for  both  materials.  Stress  -  corrosion  strength  at  850°F  improved 
when  the  specimen  was  glass  bead  blasted  to  an  intensify  of  6N2.  An 
increase  in  stress  of  approximately  23,000  psi  was  required  to  pro¬ 
duce  stre as-cor roBion  cracks  in  the  treated  specimen. 

Similar  stress-corrosion  tests  were  conducted  on  IMI  679  for  300  hours 
of  exposure  with  NaCl  salt.  The  "crack-no  crack"  line  shown  on  Figure 
14-5  indicated  that  a  substantial  reduction  in  material  strength  results 
from  prolonged  salt  exposure. 

When  preliminary  stress-corrosion  teste  exposed  IMI  679  to  artificial 
sea  salts,  prepared  in  accordance  with  A5TM-D665,  a  marked  decrease 
In  stress-corrosion  strength  was  noted.  Additional  tests  will  he  con¬ 
ducted  to  establish  the  "crack-no  crack"  Tne  for  these  sa'ts. 
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Notched  Westinghouse  fatigue  and  combined  stress  fatigue  test  speci¬ 
mens  were  made  from  IMI  679  disk  forgings.  The  results  of  a  fatigue 
strength  determination  at  room  temperature  is  shown  on  Figure  14-6, 
a  modified  Goodman  diagram.  Additional  testing  at  800°F  is  currently 
in  process. 

Notched  (Kt  =  3.0)  low  cycle  fatigue  strength  specimens  were  tested  at 
room  temperature  (70  °F)  and  400 °F.  A  tensile  stress  of  44,000  psi  and 
an  alternating  stress  of  44,000  psi  were  imposed  on  the  test  samples. 

The  room  temperature  specimen  endured  5,700  cycles;  the  400  °F  specimen 
endured  4, 100  cycles. 

Charpy  impact  specimens  were  machined  from  the  bore  axial  location 
of  the  disk  with  the  V -notch  (Kt  =  3.8)  on  the  bore  face.  Half  of  the 
specimens  were  precrackeu  by  reverse  bending  to  produce  a  K.  of 
approximately  16.  0.  Two  of  the  precracked  specimens  tested  at  70°F 
were  not  fully  cracked  across  the  notch;  therefore,  the  impact  strength 
was  high.  Since  the  remaining  six  specimens  were  cracked  across  the 
entire  notch  width,  legitimate  fracture  toughness  test  data  was  provided. 
Figure  14-7  shows  the  propagation  energy  (impact  strength  divided  by  the 
remaining  area  of  the  precracked  specimen)  and  the  initiation  energy 
(V-notched  impact  strength  minus  precracked  impact  strength)  versus 
temperature. 

C.  METALLOGRAPHIC  STUDY  OF  PWA  1007  (WASPALOY) 

A  metallographic  study  was  undertaken  to  determine  the  relationship 
between  the  microstructure  and  mechanical  properties  of  PWA  1007, 

Test  specimens  were  machined  from  rings  trepanned  from  rim  sections 
of  PWA  1007  disk  forgings.  Tensile  and  low  cycle  fatigue  tests  were 
conducted  at  room  and  elevated  temperatures.  Electron  microscopy 
examinations  were  made  to  determine  the  grain  boundary  carbide  pre¬ 
cipitation  as  a  function  of  grain  size. 

Seventeen  tensile  and  twenty-two  low  cycle  fatigue  specimens  were  made 
from  PWA  1007  disK  forgings  manufactured  by  Wyman-Gordon  and 
Ladish.  The  two  Wyman-Gordon  disks  had  heat  codes  of  XGCF-6  and 
XGP3-7;  the  two  Ladish  disks  had  heat  codes  of  CGNK-119  and  CJDA-38. 
Metallographic  examinations  were  made  of  each  material  sample  to 
determine  the  grain  structure, 

The  tensile  properties  of  PWA  1007  nickel-base  alloy,  determined  at 
room  and  elevated  temperatures,  are  summarized  by  Figure  14-8. 
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The  ultimate  and  yield  strength  were  higher  than  the  minimum  strength 
design  data.  The  low  cycle  fatigue  specimens  were  tested;  the  results 
are  currently  being  analyzed. 

Metallographic  examination  of  specimens  exhibited  in  Figures  14-9  and 
14-  10  indicates  a  duplex- structured  Wyman-Gordon  material.  While  the 
predominant  grain  sizes  were  ASTM  4  to  10,  some  grains  were  as  large 
as  ASTM  2.  The  Ladish  material  was  composed  of  an  equiaxed  structure 
with  predominant  grain  sizes  of  ASTM  5  to  7,  but  some  grains  were  as 
large  as  ASTM  4.  Ladish  disk  CGNK-119  contained  a  few  elongated 
grains;  Wyman-Gordon  disk  XGCF-6  contained  a  majority  of  elongated 
larger  grains.  Both  the  Ladish  CJDA-3  and  Wyman-Gordon  XGPS-7 
disks  were  composed  of  equiaxed  grains. 

Electron  metallographic  examination  of  the  four  disk  sections,  exhibited 
in  Figures  14-  1 1  and  -  12,  indicated  a  variable  quantity  of  grain  boundary 
precipitates.  The  Wyman-Gordon  XGCF-6  disk  ’-'ad  relatively  clean 
boundaries,  but  XGPS-7  showed  more  grain  boundary  carbides.  The 
Ladish  CJDA-38  exhibited  a  low  frequency  of  grain  boundary  carbide, 
while  CGNK-119  showed  a  trend  toward  more  continuous  grain  boundary 
carbide  precipitation.  The  matrix  duplex  gamma  prime  precipitate 
showed  a  variation  in  size  decreasing  from  CGNK-119,  CJDA-38,  XGCF-6, 
to  XGPS-7. 

D.  CONTAINMENT  TESTING 

Containment  testing  was  conducted  to  determine  the  optimum  materials 
for  blade  containment  applications. 


Ballistic  tests  were  conducted  on  24  materials  to  evaluate  their  contain¬ 
ment  capability  and  to  analyze  the  containment  theory  being  used.  Five 
materials  were  spin  tested  to  establish  the  blade  containment  properties 
of  the  proposed  materials  under  simulated  engine  conditions.  An  analyt¬ 
ical  investigation  was  conducted  to  obtain  a  better  understanding  of 
engine  structural  response  to  high  energy  impact  loads, 

A  failed  rotating  fan  blade  will  release  energy  upon  impact  with  a  struc¬ 
tural  member.  It  is  necessary  to  provide  a  protective  engine  structure 
to  absorb  this  energy,  and  thus  prevent  considerable  aircraft  damage. 
Since  weight  is  always  a  primary  consideration,  an  accurate  design 
procedure  was  developed  through  three  programs. 

1.  BALLISTIC  TESTS 

Ballistic  tests  were  conducted  on  four -inch- square  panels  to  evr'uate 
the  containment  ability  of  different  materials,  which  varied  in  thickness 
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from  O.Q35  to  0,500  inch.  These  panels  were  rigidly  mounted  in  a  lix- 
ture  designed  for  restraint  at  the  side  edges  as  shown  by  Figure  14-13, 

A  back-up  indicator  panel  was  located  four  inches  behind  the  test  panel 
to  assist  in  determining  degree  of  containment.  The  panels  were  tested 
for  impact  through  the  use  of  a  30  caliber  rifle  mounted  in  a  rack  20  feel 
from  the  panel.  A  30-06  Springfield  and  a  M-l  carbine  rifle  were  used 
in  the  test  program. 

Three  different  projectiles  were  used  during  this  test  program:  a  110 
grain  lead  projectile  used  with  the  M-l,  110  grain  steel  and  a  180  grain 
lead  projectile  used  with  the  Springfield,  The  projectile  velocity  was 
varied  by  the  use  of  different  size  powder  charges.  Velocity  measure¬ 
ments  wore  made  by  two  chronographs  spaced  10  ft.  apart.  The  overall 
toot  s  et  -  up  lo  exhibited  in  Figure  14-14. 

2.  SPIN  CONTAINMENT  TESTS 

The  apin  containment  testa  were  conducted  in  an  evacuated  spin  pit, 
which  utilized  a  typical  fan  compressor  stage  and  a  simulated  contain¬ 
ment  ring  sandwiched  between  two  plates. 

This  arrangement  simulated  the  vanes  before  and  afler  the  compressor 
rotor,  Figure  14-15  shows  a  typical  set-up  with  the  containment  ring 
sandwiched  between  the  plates. 

3.  ANALYTICAL  INVESTIGATION 

An  analytical  procedure  was  devised  to  predict  the  response  of  structures 
to  high  impact  loads.  This  procedure  allowed  a  correlation  lo  be  made 
between  the  ballistic  and  the  spin  containment  teals. 

4.  DISCUSSION  OF  RESULTS 

The  results  of  the  ballistic  tosta  are  summarized  In  Figure  14-16, 
which  lists  the  materials  in  descending  order  of  Merit  Factor.  The  Merit 
Factor  is  a  means  of  defining  the  containment  ability  uf  a  material; 
this  factor  is  defined  as  the  kinetic  energy  of  the  test  panel  dh  ded  by 
the  weight  of  material  per  unit  area  of  containment  pared,  T'icsp  ma¬ 
terials  are  taken  at  the  blade:  tip  speed  range,  which  would  be  applicable 
lo  a  SST  engine  . 

Sintered  ceramic  test  specimens,  made  from  aluminum  oxide  and  silicon 
carbide,  were  ordered  from  a  vendor.  They  were  not  received  in 
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aufficionl  time  to  l. tj h t  under  this  phase  of  the  program.  Preliminary 
testing  Indicated  that  the  merit  factor  for  ceramics  would  bo  considerably 
higher  than  that  of  the  metnla  toetocl,  Dur  to  Insufficient  information, 
the  relative  magnitude  of  the  merit  factors  for  the  ceramic  specimens 
could  not  be  determined. 

Spin  contalnmente  teats  worn  conducted  on  five  materials  to  establish  o 


new  baseline  lor  the  fan  rotor,  A  summary 

of  ranulls  are  as  follows: 

Material 

cwy  j 

AMS  5  9  24 

i 

1.0 

AMS  4910 

0.6 

Hardened  AMS  9900 

0.7 

AMS  5940 

0,71 

AMS  5929 

1.0 

Containment  weight  factor  (CWFj,  or  fraction  of  baseline  AMS  9524 

weight,  i«  needed  for  iho  same  containment  capability.  Sintered  Cnrnm - 

Ics  were  ordered  for  testing  in  combination  with  the  more  promising 

metal*#,  bui  the  materials  were  nol  received  during  this  period.  ! 

An  analytical  investigation  was  conducted  to  define  the  mechanical  pro* 
portion  lhal  Influence  containment,  A  thournlicnl  method  has  Item  e«. 
tablished  to  predict  contninmanl,  but  considerable  refinement  U  neces¬ 
sary  before  it  is  usable. 

E.  DIFFUSION  BONDING  OF  TITANIUM  FAN  DISK 

Diffusion  bonding  studies  of  full-scale  titanium  fan  disks  were  conducted 
to  establish  bond  ng  parameters, 

I 

Twelve  bonding  trials  were  conducted  m  lest  aurnploB  simulating  a 
suction  of  n  hollow  disk,  The  bond  strength  of  the*  lest  samples  was  up 
to  97%  of  the  parent  metal  strength,  The  host  parameter!*  were  se¬ 
lected  to  bond  a  full-scale  fan  disk,  The  fan  disk  is  being  finish  ma¬ 
chined  for  a  final  bonding  evaluation,  | 

A  titanium  alloy  of  AMS  '1928  specification  was  selected  lor  the  fan  j 

disk  bonding  study,  Figure  >4-17  gh'r.n*  a  comparison  between  the 
design  and  weight  of  the  conventional  solid  disk  and  the  diffusion- bonded 
disk, 
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Two  methods  of  titanium  dllfunlnn  bonding  were  evaluated,  and  the 
bonding  parameters  wi»rc  del c r mined  for  Hitch,  The  first  method,  n 
vacuum  hot  preen,  satisfactorily  bonded  the  tnat  sumples,  but  the 
equipment  had  Innufflciont  capacity  to  bond  the  IuII-mcaIo  fan  disk, 

The  second  bonding  method  consisted  of  ,1  vntmim  retort  placed  within 
a  furnace.  Thy  retort  w  is  designed  and  built  to  provide  the  proper 
environment  and  pres  sure-1  for  bonding.  The  top  find  bottom  of  the  re¬ 
tort  were  dimensioned  to  provide  the  bonding  prriMHUi'e  by  utilizing  the 
premium  di fl'er n/if.ial  between  the  vacuum  anu  the  Atmosphere,  The 
'tided  n(  the  retort  incorporated  n  bellows  which  did  i.ot  restrain  the 
nlrn  on  phe  rh:  load;  fhorcToro,  thf  load  was  cm  acted  <  r»  the  spec  i  men  or 
dish  hitlvMi  to  hi'  Imndud, 

Figurcm  I4>  10  and  °  I  S'  lire  photographs  of  the  small  vacuum  retort  used 
for  thn  teat  tt&eeAjrtn/vs  bn/ore  and  after  the  bonding  cycle,  Figures 
I4»20,  ■•iUrttuf-  >>a‘l/lnit  the  furnace  and  retort  used  to  bond  the  full- 
at  a! n  did k 

The  Imndbiy  ;n,T  fc  m  vv  civ  aeleOed  fur  the  full-scale  dish  were! 

I.  li'ovtrntu.'itmf*  vacuum  (5  microns  or  less), 

<J,  fowling isniivn r.'mum  -  |6*fl‘F\ 

3,  jftondlirgj  pv#»niii  ii  » p*u, 

'I,  ft  o  piling  limn  uf,  trmipe return  »  I  hour 

*).  fturfsi  a  pratiHiriflrMi.  Inppitd  surface  dlennod  v/1  th  alcohol 
(4  =  6  micr&'lnehes) 

Figure  14  =  43  summur  ilf.eft  the  bonding  trials  of  both  methods,  A 
photograph  ol  teal  optu  lmonri  No,  3,  4,  and  9,  which  tailed  in  tension) 

Is  eh  own  on  Figure  14-44,  Figure  14  =  29  Is  mplallograpblc  photograph 
of  te»i  specimen  Wo,  14  showing  grain  growth  across  the  bond  Joint 

The  full-  scale  dish  was  visually  inspected  after  bonding  and  machined 
to  the  final  configuration  nhown  in  Figure  H  >  17(h), 
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Figure  14-7 
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TENSILE  PROPERTIES  OF  PWA  1007  NICKEL  BASE 
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STRUCTURE  OF  HEAT  XGCF-6  AND  HEAT  XGPS-7 
WYMAN -GORDON  TEST  RINGS  FROM  PWA  1007 
WASPALOY  DISKS, 


Figure  (4-11 


*  t  illA  Util 

***  l«  't  ibi 

tM  tUmm 


CONFIDENTIAL. 


a tt  a  wiMTunr  AincnAM 


MMmimurriAL 


PWA-^ftOd 


w««i  CGMK.  I  to 


Hntil  CJ1M*  111 


Eli  ham,  l^llinfl# 


Mngfllfll  111  iiill!  5,  OUlJX 


8THUCTUR1',  Oh  Ml-; AT  <<  IMK  ■  I  IV  AND  MCA  I  <  ||)A  •  Mi 
LAlJISH  IJ/,8  !  IllfUifi  KHOM  t*WA  1007  W  AS1'JA  L.OY 

DISKS. 


M«'ii  «  I»J  -  1 1 

OGMPIOBP  TIAl 


PBATt  0  wnifMit  AincnAAf 


CONFIDENTIAL 


PWA^OOO 


ll-.H'l  SI'.T  - 


UP  FOH !  flfl'I  BALLISTIC  TESTS  WITH  PANJ.i./i 
IUGIDLY  MOUNTED, 


I  i  mu  rti  ]<)./  j 


*J.  lu>u 


;1 

[l 


OONFIDttNTIAL 


CONPIDBNTIAL 

HUM*  A  WIlKlIIV  *incn*F* 


l3WA‘  ^6(l(] 


OVERALL  1  ICST  hh'J  -Ul*  l-UH  M7  RALLIH’J  1C  I  KH'J  H, 


l‘  inure  l-(  I  -| 


Ml  ■ 
i  ii  u 


t!«  *"U’t>« 

■  I  I  I  ■ M 


©ONPiDlNI  »*<U 


I'flATT  k  WIIITIJIV  Alflcn/.fT 


CONPIDBNTIAL 


PWA- 2600 


1 


BALLISTIC  CONTAINMENT  TEST  RESULTS  i 
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Material  Merit  ratio  r  Klnotlc  anan’rv 

wt»  /unit  Avon 


AMS  491 1 

200 

PWA  1202 

190 

pwa  738 

164 

AMS  9304 

Rc  44 

160 

AMS  3900 

Re  48 

139 

AMS  6399 

Re  30 

134 

PWA  1030 

154 

AMS  4910 

140 

AMS  9906 

Rc  28 

140 

AMS  4910 

1  35 

AMS  5917 

133 

AMS  9940 

1  92 

AMS  9912 

130 

AMS  4901 

1  30 

AMS  .  324 

130 

AMS  9942 

127 

AMS  0536 

121 

AMS  5429 

120 

AMS  5319 

120 

AMS  5504 

Rb  30 

110 

AMS  6399 

Rb  60 

106 

PWA  1033 

100 

AMS  9040 

Carburiaad 

95 

AMS  5062 

90 

/ 
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OVERALL  VIEW. OF  VACUUM,  PUMP,  RETORT,  AND  FURNACE. 


Figure  14-20 
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OPENED  RETORT  AFTER  TURNACE  CYCLE  SHOWING 
BONDED  DISK. 


Figure  14-21 
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A  53 -INCH  DIAMETER  RETORT  AFTER  FURNACE  CYCLE. 


Figure  14-22 
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TEST  SPECIMEN  BONDING  PARAMETERS 


A.  Vacuum  Hot  Press 


Specimen 

Trial 

Bonding 
Time-Hr . 

Temp. 

°F 

1. 

1 

1700 

2. 

1/2 

1650 

3. 

1/2 

1650 

4. 

1/2 

1650 

5. 

1/2 

1650 

6. 

1/2 

1600 

B. 

Vacuum  Retort 

7. 

1/2 

1650 

8. 

1/2 

1650 

9. 

1/2 

1650 

10. 

1/2 

1625 

11. 

1/2 

1650 

12. 

1/2 

1650 

Figure  14 


Press, 

Psi 

Remarks 

1000 

Did  not  bond  -  ex¬ 
cessive  deformation 

1000 

147,000  psi  U.  T.S.  - 
excessive  deformation 

650 

140,000  pel  U.  T.S.  - 
excessive  deformation 

425 

145,000  psi  U.  T.S. 

225 

147,  000  psi  U.  T.S.  - 
brittle  joint 

425 

Bond  broke  by  bend 
test 

425 

No  bond  -  excessive 
heat  up  time 

425 

Satisfactory  bond  - 
broke  by  bend  test 

425 

Outgassed  for  8  hours 
poor  bond 

425 

Poor  bond 

425 

Satisfactory  bond  - 
broke  by  bend  test 

425 

Satisfactory  bond 

23 
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Dir  FUSION -BONDED  TITANIUM  (AMS-492B)  TENSILE 
TEST  PIECES.  BONDED  AT  1650°F  AND  AT  235,  425 
AND  650  PSI  FOR  1/2  I-JOUR  IN  VACUUM  FURNACE.  ’ 


Figure  14-24 
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MJCTAJLLOGRAFHIC  PHOTOGRAPH  OF  SPECIMEN  NO.  12 
SHOWING  GRAIN  GROWTH  ACROSS  BOND  JOINT. 
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ITEM  15  -  SUPPORTING  DESIGN  CONSIDERATIONS 


OBJECTIVE 

This  Item  of  this  contract  required  Pratt  fit 
Whitnoy  Aircraft  to  consider  and  report;  on  the 
following  factor b  in  the  work  performed  under 
this  contract,  and  to  recommend  any  improve¬ 
ments  to  be  adopted  in  Phase  HI  of  the  SST  pro¬ 
gram  for  the  following  factoroi  reliability,  con 
figuration  management,  woighL  and  center  of 
gravity  control,  value  engineering,  maintaina¬ 
bility,  and  safety. 


A,  RELIABILITY 


1.  INTRODUCTION 

During  the  SST  Phsine  H-B  contract  period,  reliability  continued  to  bo 
one  of  the  inputs  into  the  overall  design  effort  to  assure  optimisation 
of  the  inherent  reliability  capability  of  the  powcrplant,  Along  with 
contribution bi  in  the  field  <>l  reliability  in  support  of  the  board  de¬ 
sign  activity,  th«  relubility  pr«dlfltlone  dev®loped  during  Phaa-v  II- A, 
were  reviewed  and  updated.  Thu  following  p«  rag  raphe  aummarip.a  the 
reliability  amilywot.  cornpiatad  during  Phase  II-B. 

1.  RELIABILITY  SUPPORT  OS*  THE  DESIGN  EFFORT 


The  detail  doolgna  g imeroleid  «,«  the  result  of  the  Phase  II-B  contract 
have  been  monitored  and  reviewed  for  the  elements  which  affect  opera¬ 
tional  reliability,  aircraft,  availability,  and  component  durability.  At¬ 
tention  wan  focused  on  piiwticutst.r  aroetsj  to  assure  that  the  reliability 
features  which  were  establish#,-!  during  Phase  U-A  have  been  maintained 
or  improved  upon.  The  r»«red  and  ,f®a8iibility  for  redundancy  or  fail-safe 
characteristics  h»«  been  can  aide  raid.  The  critical  or  marginal  design 
areas  were  roviewnd  to  assure  that  the  mechanical  configuration  and 
the  limiting  stress  margins  airts  adequate  to  preclude  failure  modes. 
Feedback  of  service  problems  arad  their  corrective  solutions  hos  been 
provided  to  design  personnel  to  eliminate,  where  possible,  the^ie  prob¬ 
lems  from  the  initial  SST  engine  design.  This  feedback  information 
waa  derived  from  military  and  commercial  experience  with  engines 
having  supersonic  a®  well  as  subsonic  capability. 


BA«M  NO.  1  5  -  l 

! 

(  OOMe»tOBIMTIAL 


*'  t  »l>«  ■rw.^Ul 
MU  Mi  (AM'S 


......  ...  niAini  k«*j  nut  it  v  4 

llimu  IV  **B  Ml  iM  linMUt.iH  •• 
H  IMllllI  io  (MUI 

ii  »**  nfiM  <»  •• 


PBATf  #  WMItNBV  AIBCflAFT 


COMPIOGtNTSAL 


PW  A-  2600 


Design  studios  conducted  during  Phasa  II-B  resulted  in  tho  incorporation 
o£  design  features  specifically  intended  to  Increase  tho  inherent  reliability 
capability  of  tho  basic  STF219  engine  configuration  beyond  that  which  war 
proponed  fox*  Phase  It-A.  The  major  improvements  are  listed  below, 

•»  Cover  plates  have  boon  provided  on  the  front  anJ  back  sidus  of  all  high- 
p^eusure  romprooBor  disks  outboard  of  the  outer  rotor  spacers.  Those, 
together  w'th  submerged  blade  roots  in  th-:  middle  high-proa  sure  com- 
pi* ? S s 0 r  Mtogc?,  reduce  tho  disk  the*  *1  gradients  during  transient 
operating  cu.i'fltiona,  thus  impr-  xrg  the  fatigue  life  of  those  parts . 

»  Tho  thrust  balance  u-jhimie  jB  been  revised  so  that  tho  magnitude 
of  tho  thrust  loads  on  tho  rotors  io  insensitive  to  the  wear  of  the 
knife  edge  seals  downstream  oi  the  last  stage  of  the  high- pressure 
compressor.  Additionally,  it  assures  that  no  thrust  load  reversal 
occurs  for  any  operational  condition  of  the  engine, 

o  Improved  high  temperature  materials  (PWA  664  and  B1900)  have  been 
used  in  tho  turbine  eoction.  The  Improved  high  temperature  pro¬ 
perties  of  these  materials  provide  for  increased  reliability  and  part 
life, 

•  The  Zone  I  spray  bars  of  the  duct  heater  have  been  movod  upstream 
of  tho  aerodynamic  flamoholder,  out  of  the  flame  and  into  a  cooler 
environment.  This  will  reduce  the  possibility  of  clogging  which  could 
result  in  a  faulty  spray  pattern.  (Tho  Zone  II  spray  bare  are  already 
upstream  of  the  flameholdar. ) 


i. j.j i, j-i j. a.  x  iumiw  . 


The  numerical  reliability  analyses  developed  during  Phase  U-A  have 
been  updated  and  expanded  to  include  the  latest  engine  configuration. 
Additionally,  these  reliability  prediction  estimates  reflect  adjustments 
to  the  base  failure  rates  as  determined  by  more  recent  service  data 
feedback  plus  any  changes  in  the  projected  advances  in  the  state-of- 
the-art  at  the  time  the  SST  engine  is  expected  to  enter  commercial 
service  operation. 

The  estimated  mature-engine  mean  time  between  in-flight  shutdown 
(MTBIFS)  for  the  STFZ19  duct  heating  turbofan  engine  has  been  revised 
from,  the  initial  calculation  of  10,  000  hours  to  13, 000  hours.  An  in¬ 
flight  shutdown  is  defined  as  any  malfunction  or  discrepancy#  chargeable 
to  the  engine,  which  causes  or  generates  a  decision  to  shut  down  the 
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engine  while  in  flight  (i,e  ,  from  the  moment  a  take-off  roll  begins 
until  the  landing  roll  begins) .  The  increase  in  MTBIFS  is  attributed 
to  an  improvement  in  the  projected  reliability  of  the  hot  Mention  parts 
over  the  Initial  estimates  and  the  effectiveness  of  the  fixes  for  service 
problems  which  have  been  incorporated  in  the  engine  design.  These 
service  fixes  have  had  the  effect  of  lowering  the  base  failure  rales  f or 
the  STF2I9  engine, 

Also,  a  study  wan  conducted  to  estimate  another  index  of  reliability  for 
the  STF219  engine;  namely,  the  mean  time  between  premature  engine 
removal  (MTBPER) .  This  index  is  an  indication  of  aircraft  availability, 
A  premature  engine  removal  is  defined  ae  an  unscheduled  removal  of 
the  engine  from  the  aircraft,  prior  to  the  expiration  of  the  assigned 
lime  between  overhaul  (l'BO)  interval,  which  is  necessitated  by  the 
need  for  maintenance  action  in  order  to  correct  an  engine-chargeable 
failure  and  restore  the  engine  to  an  acceptable  operating  condition. 

The  estimated  mature -engine  MTBPER  for  the  STF219  engine  is  3700 
bourn,  This  reliability  prediction  is  baaed  on  service  data  from  com¬ 
mercial  and  military  operations.  As  was  done  in  estimating  MTBIFS, 
each  major  engine  section  was  analyzed  using  actual  premature  engine 
removal  rates  demonstrated  in  current  operational  service.  These 
rales  were  adjusted  by  factors  which  take  into  account  advanced  design 
concepts,  degree  of  comple.  ity,  and  the  operational  environment  of  the 
SST  engine.  By  this  process  an  overall  engine  premature  removal  rate 
was  obtained . 


13.  CONFIGURATION  MANAGEMENT 


1.  OBJECTIVE 

The  objective  of  configuration  management  during  the  SST  Phase  II-B 
program  waa  to  manage  the  evolution  of  the  engine  designs  to  conform 
to  the  engine  model  and  performance  specifications,  and  to  be  compati¬ 
ble  with  the  requirements  of  the  airframe  contractors.  This  necessi¬ 
tated  close  liaison  with  Boeing  and  Lockheed  in  order  to  coordinate  and 
evaluate  revisions  affecting  the  installation  and/or  performance  of  the 
engine  in  the  airframe. 

2.  DISCUSSION 

Major  areas  requiring  continuous  coordination  were  interchange  of 
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performance  data  engine  mounting  and  mating  to  airframe  in)ot  ami 
wing,  engine  accessory  locations,  secondary  cooling  airflow  control, 
ejector-revoroor  sizing,  canting  of  the  thrust  lino,  and  reverner  Uir- 
goting, 

Tho  PlitiHO  II-A  system  of  SST  coordination  aheotij  colnblinhcd  and  moni¬ 
tored  by  the  Pratt  &t  Whltnay  Aircraft  Installation  Engineering  Depart¬ 
ment  to  trai  smit  datu  to  and  from  the  airframe  contractors  was  contin¬ 
ued.  Telephone  and  telegraph  communications  were  also  used  frequently 
to  rnaintuln  liaison  and  transmit  information.  Pratt  &  Whitney  Aircraft 
personnel  and  the  airframe  contractors '  representatives  held  frequent 
mootings  to  exchange  information  and  resolve  problems.  Those  meet¬ 
ings  worn  hoid  at  Pratt  fit  Whitney  Aircraft  facilities  and  at  the  two 
airframe  contractors1  facilities.  In  BOrno  instances,  urgently  needed 
performance  data  and  drawings  worn  carried  by  courier.  Performance 
data,  weights  and  installation  dimensions  were  supplied  for  each  dif¬ 
ferent  engine  configuration  for  both  turbofan  and  turbojet  poworplanl  w. 

The  turbojet  engine  information  included  the  effects  of  changes  In  the 
airflow  schedule  for  supersonic  operation.  Dimensional  and  Weight 
data  were  supplied  for  base,  high,  and  low  air  flow  schedules,  Engino  instal¬ 
lation  drawings  of  both  a  turbofan  and  a  turbojet  engine  for  each  airframe  con¬ 
tractor  wore  prepared  which  represented  the  current  c.onflgurationfoaturos. 

At  Booing  request,  numerous  installation  studies  were  prepared  to  show 
various  arrangements  for  mounting  the  engine  to  the  Boelnj/  inlet  and 
wing  In  an  effort  to  establish  tho  optimum  Installation  configuration. 
Objectives  of  the  studies  Included  minimizing  tho  buso  drag  of  the  wing- 
nacelle  combination,  canting  the  thrust  lino  lo  get  tho  beat  cruise  per¬ 
formance  and  to  avoid  impingement  on  tail  surfaces,  and  (he  achieve¬ 
ment  of  reverse  thrust  targeting.  Engine  configuration  revisions 
necessary  to  accomplish  tho  improved  installations  wore  Investigated, 
Mount  locations,  inlet  duct  extensions,  and  now  ojoctor  concoptn  ware 
studied  and  change®  were  made  where  required. 

Similar  studies)  wore  conducted  for  Lockheed  to  meet  their  specific 
installation  requirements.  In  addition,  engine  accesoory  relocation 
studios  were  made  to  obtain  a  more  satic  factory  accesoory  arrangement. 
The  secondary  cooling  airflow  system  and  its  attendant  pressure  losses 
were  sIbo  studied  in  detail,  together  with  revisions  to  provide  flamo 
arrestors  for  this  system. 

For  tho  turbojet  powerplant,  performance,  weight,  and  external  engine 
dimensions  were  made  available  to  Boeing  and  Lockheed  for  each  tur¬ 
bine  inlot  temperature  and  flow  schedule.  This  information  was  sup¬ 
plied  to  permit  each  airframe  contractor  .o  select  the  one  best  conflgura- 
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lion  to  fit  within  a  single  external  onvelope  na  had  been  done  previously 
for  the  turbofan  engine. 

C.  WEIGHT  AND  CENTER  OF  GRAVITY  CONTROL 

1.  TURBOFAN  ENGINES 

The  Phauo  II-A  report  presented  the  STF219,  duct-burning  turbofan 
engine,  in  sizes  specified  by  Booing  and  Lockheed.  During  Phase  II-B, 
the  STF219  was  studied  at  an  airflow  of  650  pounds  p or  second.  The 
estimated  weights  for  the  Booing  and  Lockheed  engines  aro  given  in 
Figurom  15-1  and  15-2,  including  a  sectional  weight  breakdown. 

During  Phase  II-B,  two  changes  wore  incorporated  that  increased  the 
engine  weight.  Tlmy  are!  (1)  lower  fan  specific  flow  which  increases 
the  fan  outer  diameter  and  (2)  redesign  of  the  turbine  section  to  provide 
for  the  required  turbine  efficiency  level  to  be  mot  at  both  the  basic 
rating  and  the  initial  rating. 

The  engine  center  of  gravity  wat  estimated  and  supplied  to  the  airframe 
companies  and  is  shown  on  the  installation  drawing  Included  in  Item  1. 

2.  TURBOJET  ENGINES 

The  Phnac  fl-A  report  presented  a  450  pound  per  oecond  flow  rate,  full 
afterburning,  turbojet  engine  weight  of  8300  pounds.  Subsequent  studios 
have  boon  concentrated  on  an  engine  with  an  airflow  of  525  pounds  per 
oecond.  Three  speed  air  flow  schedules  were  studied:  high,  base,  and  low. 
Th«  so  were  conoidor  odat  two  turbine  inlet  temperatures,  2000  and  2300*  F, 
re  nulling  in  a  lotul  of  six  configurations.  The  high  flow,  low  tempera¬ 
ture  engine  l  as  a  calculated  weight  of  10, 800  pound')  that  allows  a  physi¬ 
cal  overspend  at  the  Mach  2.7  condition  of  1.12  times  the  sea  level 
take-off  rpm.  Figure  15-3  is  the  weight  of  thi3  engine  by  section, 

Figure  15-4  shows  tho  weight  of  the  six  configurations  mentioned  above 
for  each  airframe  manufacturer's  specific  installation  requirement. 

The  engine  center  of  gravity  was  estimated  and  supplied  to  the  airframe 
companies  and  is  shown  on  the  installation  drawing  included  in  Item  1. 

D.  VALUE  ENGINEERING 

During  Phase  II-B,  three  Value  Engineers  were  assigned  full  time  to 
tho  SST  program.  The  various  items  of  work  accomplished  by  this 
group  are  discussed  in  tho  following  paragraphs. 

Target  costs  wore  set  on  the  SST  engine  by  major  engine  sections  as 
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goals  for  continued  design  and  Value  Engineering  effort. 

The  basic  Value  Engineering  program  was  reviewed  and  expanded  to 
present  a  more  detailed  approach  to  Value  Engineering  consistent  with 
the  program  requirements.  This  plan  establishes  the  organization 
necessary,  the  means  for  implementing  such  a  program,  and  the  means 
for  measuring  and  reporting  on  the  effectiveness  of  the  cost  reduction 
efforts. 

All  layouts  were  reviewed  as  part  of  the  general  cost  analysis  approach 
of  the  Value  Engineering  program.  Manufacturing  cost  estimates  were 
made  o.f  all  major  design  changes  and  published  to  the  Program  Manager 
and  the  Chief  Design  Engineer  to  keep  them  advised  of  the  effect  on 
manufacturing  cost  of  the  latest  design  revisions. 

Meltings  wore  held  with  design  personnel  to  acquaint  them  with  high- 
cost  design  features.  Alternate  design  configurations  were  studied  and 
cost  data  were  published  to  the  Program  Manager  and  the  Chief  Design 
Engineer  as  an  aid  to  incorporation  decisions. 

A  cost  versus  function  review  was  made  to  determine  the  cost  consis¬ 
tency  on  parte  in  relation  to  current  production  engines.  Items  in 
question  wore  reviewed  with  Production  Engineering  experts  to  assure 
that  the  designs  were  consistent  with  the  latest  manufacturing  techniques. 
The  designs  were  also  scrutinized  for  congruity  with  Buch  advanced 
manufacturing  techniques  as  electron  beam  welding,  flo  turning,  electric 
discharge  machining,  electrochemical  machining  and  explosive  forming. 

Specialty  vendors  were  contacted  to  discuss  the  u^e  and  economics  of 
specialty  products  and  pi'oceaees  such  as  advanced  coring  materials  and 
configurations  for  cooled  turbine  blades  and  vanes,  the  state-of-the- 
art  and  potential  of  cast  titanium,  dual  material  extrusions,  centrifugal 
castings,  Feltmotal,  etc. 

All  layouts  were  studied  for  potential  cost  reduction  proposals.  These 
proposals  were  reviewed  with  design  personnel  for  feasibility  and  pub¬ 
lished  to  the  Program  Manager  and  the  Chief  Design  Engineer  for  their 
consideration  and  incorporation  into  the  SST  engine  Bill  of  Material. 

A  parametric  Btudy  was  conducted  on  price  a«  a  function  of  bypass  ratio 
and  the  effects  on  airflow  and  thrust  for  direct  operating  cost  studies 
on  various  supersonic  engine  cycles. 

A  complete  review  of  the  STF219  engine  design  has  been  made  to  keep 
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the  Program  Manager  informed  of  the  latest  status  of  the  estimated 
manufacturing  cost  for  the  engine.  This  manufacturing  cost  was  com¬ 
pared  to  the  target  costs  by  major  engine  section  to  point  out  areas  of 
Value  Engineering  concentration  for  future  phases  of  the  supersonic 
engine  program. 


E.  MAINTAINABILITY 


1.  INTRODUCTION 

During  the  SST  Phase  II-B  contract  period,  the  overall  powerplant  de¬ 
sign  effort  was  monitored  from  a  maintainability  viewpoint.  In  addition 
to  supporting  design  board  activity,  a  preliminary  analysis  of  mainte¬ 
nance  tasks  was  compiled.  The  following  sections  present  the  results 
of  the  maintainability  effort. 

2.  MAINTAINABILITY  REVIEW  OF  DESIGN  LAYOUTS 

Design  layouts  resulting  from  work  completed  during  the  Phase  II-B 
contract  were  reviewed  to  ensure  that  maintainability  aspects  were 
considered.  Maintenance  features  cited  as  desirable  in  the  Phase  II-A 
contract  period  were  re-evaluated  to  check  their  validity  in  terms  of 
present  design  concepts.  Specific  engine  regions  were  selected  for 
comment  and  a  summary  is  contained  in  the  following  paragraphs. 

a.  Nos.  1  and  2  Bearing  Region 

This  region  is  satisfactory  from  the  maintainability  standpoint.  The 
bearings  and  seals  can  be  readily  replaced  by  either  horizontal  or 
vertical  disassembly  procedures  without  removal  of  either  turbine  unit. 

b.  No,  3  Bearing  Region 

This  region  is  satisfactory  from  the  maintainability  standpoint.  The 
bearing  and  compartment  seals  may  be  readily  replaced  after  removal 
of  both  turbine  units.  This  region  is  much  more  accessible  than  in 
current  powerplants  because  of  the  unit  component  concept  used  for 
the  turbines. 

c.  No,  4  Bearing  Region 

This  region  is  satisfactory  from  a  maintainability  standpoint  because 
the  bearing  and  seals  are  replaceable  without  removing  the  turbine 
exhaust  case. 
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d.  Fan  Region 

The  fan  rotor  unit  may  be  replaced  without  removal  of  the  low-pressure 
turbine.  A  study  is  in  process  which  will  permit  replacement  of  damaged 
fan  blades  without  the  need  for  rebalancing  the  rotor.  This  concept  will 
utilize  moment-weight  classified  blades. 

e.  Intermediate  Case  Region 


A  questionable"  maintainability  feature  in  this  region  is  the  access  to 
the  flange  joining  the  intermediate  cat  to  the  high-pressure  compressor  1 

case.  Various  duct  design  configurations  are  being  studied  which  will 
facilitate  access  to  this  flange.  These  design  studies  will  permit  re-  . 

moval  of  the  intermediate  case  without  disassembly  of  the  engine  from  j 

the  rear.  Any  suggested  design  revisions  in  this  region  will  be  evalu¬ 
ated  with  regard  to  their  effects  on  performance,  cost  and  weight. 

f .  High-Pressure  Compressor  and  Diffuser  Region 

i 

The  quantity  of  piumbing  and  associated  items  in  tnis  region  presents 
a  complex  arrangement.  However,  design  studies  are  in  process  which 
will  keep  th  imbor  of  joints  and  connections  to  a  minimum.  Borescope  r 

inspection  ports  for  the  high-pressure  compressor  will  be  provided,  ; 

and  adequate  access  to  these  provisions  will  be  considered  in  any  design 
revisions  in  this  region.  ( 

g.  Combustion  Section 

A  design  permitting  the  telescoping  of  a  one-piece  burner  case  in  a  l 

rearward  direction  to  gain  access  to  the  combustion  section  is  prefer¬ 
red  to  a  i-  sign  utilizing  a  longitudinally  split  burner  case.  The  tele-  ( 

scoping  case  design,  by  eliminating  the  longitudinal  flanges  and  their  ' 

associated  hardware,  lowers  ma'ntenance  times  needed  for  inspection 
and  asaombly  and  reduces  engine  weight.  { 

Design  studies  are  being  corducted  i.n  an  effort  to  provuvi.  individually 
replaceable  nozzle  guide  vanss  without  the  necessity  of  a  sliding  inner  { 

combustion  liner  to  provide  vane-removal  space,  A  fixed  liner  design  ( 

is  preferred  due  to  ita  greater  durability  in  terms  of  even  temperature 
distribution  and  improved  wear  resistance. 
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Another  feature  which  will  be  studied  is  a  provision  to  remove  the  com¬ 
bustion  liners  without  removing  the  fuel  nozzles.  In  addition  to  the 
time  saved  by  eliminating  the  removal  and  replacement  of  the  nozzles, 
the  possibility  of  leaks,  after  reassembly,  at  the  nozzle  supply  line 
connections  will  be  avoided.  One  study  involves  designing  the  front 
section  of  the  combustion  liner  as  a  separate  part  which  is  not  removed 
with  the  aft  portion  of  the  liner. 

h.  Turbine  Section 


The  turbine  section  is  composed  of  two  distinct  units,  the  low-  and 
high-pressure  turbine  units.  The  rotors,  vanes  and  cases  of  each 
unit  are  assembled  and  the  units  are  then  installed  in  the  remainder 
of  the  engine.  The  location  of  the  flange  joining  these  units  permits 
replacement  of  individual  second-stage  nozzle  vanes  without  stage-by- 
stage  disassembly  of  the  turbine  rotors.  This  feature  eliminates  a 
potential  source  of  assembly  error  associated  with  reassembly  of  the 
turbine  rotor  stages. 

Other  maintainability  considerations  in  this  region  involve  removal  of 
the  high-pressure  turbine  unit  and  replacement  of  high-pres3ure  tur¬ 
bine  blades.  These  procedures  are  discussed  in  paragraphs  k  ard  1, 
respectively. 

i  .  Ducts  and  Exhaust  System 

The  ducts  will  be  designed  to  permit  maximum  accessibility  to  the  fuel 
manifold,  fuel  nozzles,  and  borescope  inspection  ports  and  to  facilitate 
the  scheduled  hot  section  inspection.  Adequate  access  to  these  regions 
is  vital  so  that  necessary  maintenance  ■"id  inspection  procedures  may 
be  accomplished.  Several  configurati  are  being  studied  to  meet 
these  requirements.  In  addition,  as  noted  in  paragraph  e  above,  im¬ 
proved  access  to  the  flange  joining  the  intermediate  case  to  the  high- 
pressure  compressor  case  is  being  studied. 

j  .  Main  Fuel  Manifold  and  Fuel  Nozzles 

The  main  fuel  manifold  will  be  mounted  externa),  to  the  engine  diffuser 
case  and  will  be  removable  through  the  ducts.  The  ability  to  replace 
individual  fuel  nozzles  without  opening  the  burner  case  is  being  studied. 

k .  Removal  of  the  Hig.  Pressure  Turbine  Unit 

Th  gn  rf  the  high-pressure  turbine  unit  as  presented  in  the  Phase 
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n-A  report  included  two  unsatisfactory  features  from  a  maintainability 
aspect.  These  features  were  the  lack  of  accessibility  of  the  hifh-prts- 
sure  rotor  coupling  nut  and  the  necessity  for  releasing  the  "trapped" 

No.  3  rear  seal  assembly  when  removing  the  turbine  unit.  In  the  Phase 
.TI-A  design,  release  of  the  No.  3  rear  seal  required  gaining  access 
through  the  combustion  chamber  liners  and  inner  nozzle  case. 

Figure  15-5  illustrates  a  configuration  being  studied  to  overcome  both 
of  these  undesirable  features.  In  this  design,  the  high-pressure  turbine 
coupling  nut  is  readily  accessible  and  the  high-pressure  turbine  unit 
may  be  removed  without  releasing  the  No.  3  rear  seal.  This  design 
does  not  compromise  the  cooling  scheme  for  the  first-stage  rotor  and 
provides  the  safety  feature  of  double  shafting  under  the  bearing.  Trade 
studies  are  being  conducted  which  will  evaluate  the  advantages  of  this 
design  in  relation  to  increases  in  cost;  weight,  and  complexity  of 
structural  components. 

Another  design  will  be  studied  which  will  permit  the  high-pressure  tur¬ 
bine  case  to  slide  aft  without  the  necessity  of  removing  the  first-stage 
nozzle  guide  vanes.  This  design  further  facilitates  removal  of  the  high- 
pressure  turbine  unit. 

1 .  Replacement  of  First-Stage  Turbine  Blades 

The  replacement  of  first-stage  turbine  blades  is  simplified  by  the  unit 
component  construction  feature.  The  low-  and  high-pressure  turbine 
units  may  be  readily  removed  and  any  damaged  blades  replaced  in 
moment-weight  classified  pairs. 

3.  MAINTENANCE  ANALYSIS 

The  preliminary  analysis  of  maintenance  tasks  compiled  during  the 
SS'T  Phase  II-B  contract  period  is  defined  below,  From  this  analysis, 
a  maintainability  index  of  0,  39  man-hour  of  maintenance  time  per  hour 
of  engine  operating  time  has  been  estimated.  ThiB  index  is  the  sum  of 
the  indices  for  scheduled  and  unscheduled  maintenance.  The  following 
criteria  were  used  to  determine  these  indices: 

*  Average  mission  length  of  two  hours, 

*  Minor  periodic  inspection  interval  of  100  hours, 

*  Major  periodic  inspection  interval  of  1500  hours,  and 

*  TBO  of  3000  hours. 

The  analysis  included  only  direct,  active  maintenance  man-hours  em¬ 
ployed  in  the  following  preventive  anu  cox  etive  maintenance  functions: 
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•  Scheduled  preflight  and  postflight  inspections, 

“Scheduled  minor  periodic  inspections, 

»  Scheduled  major  periodic  inspections  (including  hot  section  in¬ 
spection),  and 

^  Unscheduled  flight-line  and  field  maintenance  (including  time  for 
trouble-shooting,  corrective  action,  and  postmaintenance 
check-out). 

The  following  maintenance  functions  have  been  excluded  from  this 
analysis: 

•  All  assembly  and  disassembly  functions  associated  with  airframe- 

supplied  equipment  required  to  perform  a  quick  engine  change, 

•  Fuel  servicing, 

•  Depot  level  activities, 

®  Engine  removal  from  and  replacement  in  the  aircraft, 

1  All  maintenance  actions  resulting  from  failures  or  discrepancies 
that  are  not  chargeable  to  the  engine, 

•  All  maintenance  actions  to  obtain  access  through  airplane  nacelles, 

position  ground  equipment,  move  the  airplane,  etc.  ,  in  order  to 
perform  the  required  maintenance  task, 

•All  maintenance  actions  involved  in  changes  relating  to  up-grading 
engine  performance  or  other  revisions  in  specification  require¬ 
ments. 

a.  Scheduled  Maintenance 

The  scheduled  maintenance  procedure,  and  man-hour  requirements 
are  outlined  in  the  following  tabulation: 


Scheduled 

Inspection 

Interval 

(hr) 

No. 

per 

Overhaul 

No.  per 
Engine 
Operating 
Hour 

Man-hours 

per 

Inspection 

MHH/EOH 

Preflight 

2.  0 

1500 

0.  5000 

0.  25 

0. 1250 

Post  Tight 

2.  0 

1470 

0.  4900 

0.  35 

0. 1715 

Mu  ')i  Periodic 

100 

28 

0.  0093 

6.  00 

0. 0558 

Major  Ker  'ujc 

i‘> ' 10 

l 

0.  0003 

30.  00 

0.  0090 

Scheduled  Maintenance  Index 

=  0.3613 

*  Maintenance  man-hours  per  engine  operating  hour. 
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b.  Unscheduled  Maintenance 


The  frequency  of  the  unscheduled  maintenance  was  based  on  reliability 
estimates,  reflecting  adjustments  to  the  base  failure  rates  developed 
during  Phase  II-A.  The  man-hour  estimates  for  the  unscheduled 
maintenance  were  based  on  studies  of  the  powerplant  configuration 
with  careful  consideration  for  operational  environment,  task  complexity, 
secondary  damage,  etc.  The  following  unscheduled  maintenance  index 
has  been  determined  from  these  estimates: 


MMH/EOH* 

Unscheduled  Maintenance  on  External  Units  0.  0055 


l 

i 


Unscheduled  Maintenance  at  Major  Periodic  Inspections  0.0049 
Unscheduled  Maintenance  at  Premature  Engine  Removals  0.  0149 

Unscheduled  Maintenance  Index  =  0.  0253 


^Maintenance  man-hours  per  engine  operating  hour. 

F.  SAFETY 

1.  SUPPORT  OF  DESIGN  FOR  FLIGHT  SAFETY 

As  part  of  the  reliability  effort  to  monitor  and  review  the  detail  designs 
generated  during  Phase  II-B,  operational  reliability,  insofar  as  it  applies 
to  flight  safety,  has  been  of  prime  consideration.  Assurance  was  made 
that  the  safety  features  which  were  established  during  Phases  I  and  II-A 
have  been  maintained.  Studies  were  conducted  to  determine  the  need  for 
expanding  these  fail-safe  and  redundant  design  features.  The  result  of 
these  studies  indicated  that  the  following  fail-safe  and  redundant  design 
features  are  to  he  incorporated  in  the  engine  in  addition  to  those  which 
were  proposed  during  Phase  H-A. 

«  Both  inner  and  outer  ends  of  all  turbine  vanes,  instead  of  just  first- 
stage  turbine  vanes,  are  retained  so  that  in  the  event  of  a  burn- through 
the  vanes  will  be  prevented  from  passing  through  the  turbine  causing 
further  damage. 

«  Integral  ferrules  have  been  provided  for  all  tubes  carrying  inflammable 
fluids.  This  will  reduce  the  possibility  of  leakage  that  could  occur 
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in  a  brazed-on  type  ferrule  connection. 

°  The  sliding  shroud  e.iector-reverser  actuation  system  incorporates 
a  synchronizing  ring.  Thus,  failure  of  an  actuator  will  not  cause 
asymmetric  operation  of  the  system. 

2.  DESIGN  SUPPORT  FOR  MAINTENANCE  PERSONNEL  SAFETY 

During  the  maintainability  design  reviews,  as  discussed  in  the  Maintain¬ 
ability  section  (reference  Item  15E),  the  detail  designs  were  analyzed 
for  the  required  maintenance  tasks  involved  to  ensure  that  safe  conditions 
and  handling  procedures  have  been  provided  for  personnel  engaged  in 
maintenance  or  overhaul  activities  , 
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BOEING  INSTALLATION  -  WEIGHT  SUMMARY 

650  Ib/sec  airflow 
Base  Flow  Schedule 
Basic  and  Initial  Ratings 


Fan  rotor,  stator,  case  and  front  mount  795  lb 

Inte r mediate  case  655 

High  pressure  compressor  rotor,  sta  or  and  case  615 

Diffuser  and  burner  981 

Turbine  rotor,  stator,  and  shaft  1377 

Turbine  exhaust  396 

Ducts,  liners,  and  variable  area  nozzle  1767 

Ejector-reverser  1880 

Accessories  drive  184 

Components  and  plumbing  9 1 Q 

Total  estimated  dry  engine  weight  9560 

^Additional  equipment  and  installation  features  540 

Total  engine  weight  10,  100  lb 


I 


f 


^Additional  equipment  and  installation  features  are  based  on 

Phase  II- A  requirements.  This  weight  does  not  include  inlet  extensions 

* 

or  ejector  cant  angles  above  6°. 


Figure  15-1 
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LOCKHEED  INSTALLATION  -  WEIGHT  SUMMARY 

650  Ib/sec  airflow 
Basse  flow  schedule 
Basic  and  Initial  Ratings 


Fan  rotor,  stator,  case  and  front  mount  762  lb 

Intermediate  case  6.55 

High  pressure  co  npressor  rotor,  stator  and  case  615 

Diffuser  and  burner  981 

Turbine  rotor,  stator,  and  shaft  1377 

Turbine  exhaust  396 

Ducts,  liners,  and  variable  area  nozzle  1730 

Ejector- reverser  1880 

J'  tcessories  drive  184 

Components  and  plumbing  910 

Total  estimated  dry  engine  weight  9490 

^Additional  equipment  and  installation  features  180 

Total  engine  weight  9670  lb 


*  Additional  equipment  and  installation  features  are  based  on 
Phase  II-A  requirements  except  for  addition  of  weight  increase 
due  to  canting  the  ejector  reverser  four  degrees  from  the 
engine  centerline. 
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WEIGHT  BREAKDOWN  FOR  STJ227  ENGINE 

525  Ib/sec  airflow 
High  flow  schedule 
2000 ’F  turbine  inlet  temperature 


Compressor  inlet 

335  lb 

Compressor  rotor 

1,010 

! 

Compressor  stator 

750 

Diffuser 

650 

\ 

Burner 

875 

! 

Turbine  rotor  and  shafts 

1,070 

1 

1 

Turbine  stator 

810 

! 

1 

Turbine  exhaust 

650 

Afterburner 

1,235 

| 

Ejector- re verser 

2,000 

f 

Accessories  drive 

185 

\ 

Components  and  plumbing 

1,180 

| 

Total  engine  weight 

10,800  lb 

( 

Figure  15-3 
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Figure  15-4 
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*  This  includes  weight  to  cant  e;-ctor  to  the  angles  shown. 
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